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ABSTRACT 
SYNTHESIS AND CHARACTERIZATION OF FUNCTIONAL POLYMERS 
WITH CONTROLLED ARCHITECTURE AND THEIR APPLICATION 
AS ANTICORROSION PRIMERS 
By 
Anne Quincy 
University of New Hampshire, May 2009 
There are over 2900 ballast tanks in the U.S. Navy inventory and their annual 
maintenance cost amounted to 415 million dollars in 2006, half of which was directly 
correlated to corrosion. Ballast tanks which form the basic skeleton of a vessel, are 
subjected to very corrosive conditions. Epoxy based protective coatings are used by the 
Navy for minimizing corrosion and they currently offer five to seven years of protection. 
The work described in this thesis is in line with a major program instigated by the U.S. 
Navy to improve the reliability of tank coatings. 
This thesis investigates the synthesis and use of carefully designed functional 
poly(methacrylate) copolymers as a primer coating addressing one of the major failure 
mechanisms responsible for corrosion: delamination of the coating at the steel-coating 
interface. Novel polymers were designed and synthesized to improve corrosion protection 
and adhesion of epoxy coatings to steel. They possess two types of functional groups 
xxiv 
which are incorporated in the polymer and distributed in blocks or other related 
structures. One block is designed to bind strongly to the metal substrate and therefore 
protect that surfaces from corrosion, the other block possesses the ability to interact with 
the bulk coating. The epoxy coating and the metal surface are therefore linked through a 
series of strong durable polymeric bonds. 
Several monomers possessing either a metal chelating group or a group allowing 
blending with the coating were thus prepared. Block copolymers and other polymer 
structures were synthesized by nitroxide mediated polymerization, a polymerization 
technique that allows control of the molecular weight and architecture. An AEMA-GMA 
block copolymer was synthesized in a two-step process and gradient copolymers were 
synthesized in a one-pot synthesis. 
Copolymer anti-corrosion properties were then evaluated through a series of tests 
(salt spray, hot water immersion, cathodic disbondment, electrochemical impedance 
spectroscopy, polarization curves and pull-off test). A deposition method was developed 
to generate the optimal coating system: the steel to protect was dipped in a dilute solution 
of the copolymer, rinsed with pure solvent to eliminate the excess material and painted by 
spraying the epoxy mixture. Electrochemical techniques showed a 60% corrosion 
inhibition for the AEMA-GMA copolymers. An improvement of the epoxy coating 
corrosion resistance with the addition of the AEMA-GMA gradient copolymer and the 
AEMA-GMA star-block copolymer was noticed when subjected to hot water immersion 
and salt spray tests. 
While the polymeric primers showed to be quite effective in improving the 
coating's corrosion resistance, the common corrosion resistance tests were found to be 
xxv 
inadequate to robustly characterize their full potential. Nonetheless, the functional 
copolymers polymer with controlled architecture, their formulation and improved testing 





Although steel is the most corrodible of all construction materials, it has been 
widely used for many mechanical and structural engineering purposes and still remains 
the most economical choice of material for construction of large ships.1 
The science behind corrosion and solutions to this problem represent a very active field 
of research. The protection of steel from corrosion in consistently and severely corrosive 
marine environments poses a challenge to the ship building and maintenance industry. 
Applying protective coatings is the primary method employed for minimizing 
corrosion of steel. Corrosion inhibiting substances are commonly added to organic 
coatings. However, nearly all powerful corrosion inhibitors (zinc, molybdenum, 
chromium and barium-based corrosion inhibitors) have detrimental effects on both 
environment and health due to their toxic or even carcinogenic nature. Therefore, novel 
approaches are sought for to replace anticorrosive inorganic pigments. 
1 
1.1. Corrosion in ballast tanks: a challenge for the Navy 
1.1.1. Cost of Corrosion 
Corrosion is a huge problem for the U.S. Navy. The Government Accounting Office 
(GAO) estimates that, in peacetime, the U.S. Navy spends up to 25% of total fleet 
maintenance budgets on corrosion prevention and control. The U.S. Navy is not unique 
in this regard as in 2001 GAO estimated corrosion costs for all military systems to be as 
high as $20 billion annually.3 The total annual cost of corrosion estimate for Navy ships, 
based on FY2004 costs, is $2.44 billion. 
Tranks and enclosures have the highest corrosion-related maintenance cost. The annual 
maintenance cost of tanks amounted to 415 million dollars in 2006, of which 204 million 
dollars is directly correlated to corrosion.4 There are over 2900 ballast tanks in the U.S. 
Navy inventory. 
Seawater ballast tank coating systems are failing prematurely. In some cases, five to 
seven year design life expectancy systems are lasting only one to three years in service. 
The U.S. Navy has embarked on a major program to improve the reliability of tank 
coatings. This program involves new coatings, enhanced surface preparation 
requirements and strict process oversight/controls. The program's goal is to increase the 
life expectancy for ballast tank coatings to over 20 years.5 
1.1.2. Ballast tanks 
The large and complex structure of the ballast tanks, which form the basic skeleton of a 
vessel, coupled with frequent wetting and drying in a salt water environment which is 
extremely conducive to corrosion, makes it one of the biggest maintenance burdens for 
the U.S. Navy and maintenance staff.6'7 
2 
Figure 1-1: Ballast Tanks showing multiple bays 
The outer hull which creates the external shape of a ship encloses the ballast tank. 
The ballast tank, in concert with other tanks internal to the boat, allows the ship to change 
buoyancy. In submarines, these tanks are used for diving and surfacing operations by 
filling with seawater and emptying with compressed air. 
The inner water ballast tank surface area of a ship is extremely large. Complex 
geometries and an irregular configuration of the ballast tank structure, with welded 
stiffeners, edges and corners, and its exposure to an extremely corrosive environment 
makes it highly vulnerable to corrosion. 
Ballast tanks need careful attention since they form the basic skeleton of a ship and 
the useful life of a ship is often dependent on the condition of its ballast tanks. 
Figure 1-2: Corrosion in Ballast Tanks 
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1.1.3. Corrosion in ballast tanks 
Corrosion occurs with the formation of hydrated ferric oxide (commonly termed as 
rust) from the electrolytic reaction between iron metal, oxygen and water.' The generally 
accepted reaction mechanism involves anodic and cathodic processes. The surface of the 
iron or steel which is in contact with water develops localized anodes and cathodes at 
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Figure 1-3: Electrolytic Process of Corrosion 
The individual electrode process could be shown as: 
At the anode: Fe —• Fe 2+ + 2 e" 
At the cathode: 2 H 2 0 + 0 2 + 4e" - > 4 OH" 
The initial product of oxidation is thus ferrous hydroxide: Fe ZT + 2 OH" —• Fe(OH)2 
In the presence of excess oxygen the ferrous hydroxide is oxidized to hydrated ferric 
oxide Fe203, which is rust. 
Corrosion in ballast tanks may be either due to the presence of mill scale on the 
steel surface while the ship is under construction or due to pitting of the steel surface.7 
4 
Mill scale is the layer of oxides of about 60 um thickness, formed on the surface of 
steel while it is manufactured. Mill scale, if not properly removed and cleaned, causes 
corrosion because of the development of a potential difference between the mill scale and 
bare steel in the presence of an electrolyte, such as sea water. 
Water or 
Seawater Corrosion 
Figure 1-4: Corrosion in the presence of mill scale.7 
In ballast tanks, pitting corrosion mainly occurs due to irregularities in coatings 
which arise from improper surface preparation and coating application practices.8 Pitting 
is a form of extremely localized attack of corrosion which causes the metal to go into 
solution more rapidly at that spot than at any other adjacent area. In coated surfaces, 
pitting produces deep and relatively small diameter pits. Pitting causes major damage to 
the structural integrity of the tank sometimes resulting in its catastrophic failure. 
Figure 1-5: Deep Pitting in a Ballast Tank 
5 
1.1.4. Anti-corrosive paint systems for ballast tanks 
Ballast tanks are coated with high performance anti-corrosive and anti-fouling 
epoxy coatings to protect the steel from the seawater and marine growth. Epoxy based 
protective coatings have proven to be one of the most effective corrosion protection 
measure for ballast tanks, they typically offer five to seven years of protection.6 
It is often seen, however, that coatings which are generally considered to be good 
performers in corrosive environment, fail well before their specified life. There are 
several factors which contribute to the short service life of the current coating systems, 
the most common being poor surface preparation. Uncontrolled environmental conditions 
during surface preparation lead to surface contamination while moisture condensation on 
the surface causing the coating to fail prematurely. Coating systems inability to build to 
the desired dry film thickness at sharp edges, sharp corners, weld seams and other 
imperfections is also a source of failure. 
A two-part epoxy/amido-amine modified polyamide system (U.S. Navy fleet 
specification MIL-P-24441) is currently used to prevent and repair corrosion as it occurs.6 
The protection afforded by paints of this type is due to a high degree of crosslinking and 
good adhesion to metal, that significantly delays the onset of corrosion.9 
Epoxy resins have a secure place among high performance polymers because of 
their excellent adhesion to a wide range of substrates, including most metals, and good 
mechanical (toughness, flexibility) and technological properties as adhesives, plastics and 
coating materials. They have excellent resistance to fresh water, salt (sea) water and hot 
water. For these reasons, epoxy resins are a popular choice for protecting structures, such 
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as offshore drilling platforms, ships and bridges, where resistance to marine 
environments is critical. 
Epoxy resins are generally processed as 2-component paints.10 The oxirane or 
epoxy group is characteristic of epoxy resins. It consists of a three-membered ring 
containing oxygen with moderate ring strain. The reactivity is further enhanced by the 
electronegativity of the oxygen and the resulting polarity of the epoxy groups. The carbon 
atoms of the three-membered ring are electron poor and electrophilic. As a consequence, 
the oxirane ring can take part in addition reactions with numerous nucleophilic partners. 
The reactions with amines and carboxylic acids are of particular importance. 
Figure 1-6: Curing mechanism of epoxy resins 
By far the most important group among the epoxy resins is formed by the aromatic 
glycidyl ethers. They are manufactured by polycondensation of epichlorohydrin and 
bisphenol A.10 The unique features of an epoxy resin are due to the epoxy groups in the 
molecule as well as reactive hydroxyl (OH) groups. 
1.1. Presentation of the work 
1.1.5. Importance of metal-coating adhesion 
Firm attachment of coatings to the substrate under the influences encountered in the 
field is a necessary requirement for long-lasting protection from corrosion. The protective 
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properties of an organic coating exist only if the coating remains well adhered to the 
metal surface.11 
Good bonding of the organic layer with the metal substrate is essential and 
suppresses the formation of corrosive products even if the coating is physically damaged. 
Delamination of the coating at the steel-coating interface is one the major failure 
mechanisms responsible for the formation of rust. Poor bonding allows a path for salt 
water to be present at the interface between coating and steel and removes coating 
functional group from steel proximity. 
For substrates which are cathodically protected, this phenomenon is referred as 
cathodic disbondment. The use of either a sacrificial anode or an impressed direct current 
locally generates hydroxide ions at the cathodic site, resulting in the formation of local 
pockets of very high pH. Under these conditions, most polymers, and notably epoxy are 
degraded. The adhesion of epoxy on steel substrates is believed to be promoted by Fe-O-
C bonds which are formed upon the ring-opening of an epoxy group by surface iron 
hydroxyl. These Fe-O-C are readily broken in basic environments. 
Organic materials displaying anti-corrosion capabilities and promoting good 
adhesion to metal substrate have been envisaged as nontoxic substitutes for inorganic 
anticorrosion additives in protective coatings. 
1.1.6. Block copolymers 
A diblock copolymer can be defined as two different homopolymers chemically 
attached together at their ends. Block copolymers are commonly used to promote 
adhesion, for example between immiscible polymers13 such as polyamide and 
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polypropylene blends, or in biological systems to modify the surface of polymeric 
synthetic biomaterials to increase cell adhesion.14 
To protect the surface of metals from oxidation and corrosion, a strong, durable 
bond between the solid surface and the epoxy coating must be created. The epoxy coating 
and the solid surface must be linked through a chain of chemical bonds. 
Small-molecules which possess a chelating group which bonds to the metal and 
another functional group which bonds to the polymer resin have demonstrated a 
significant level of corrosion inhibition under ambient conditions.15'16 However, these do 
not possess the ability to form a three-dimensional interpenetrating network and entangle 
with the resin. Polymers containing chelating agents have demonstrated improved 
passivation at elevated temperature, but with only a small increase in adhesive strength.17 
In principle, adhesion between the steel surface and coating can be improved by 
block copolymers consisting of one block that is able to chelate the metal surfaces, and 
another block compatible with an epoxy coating. With block copolymers the two blocks 
are able to segregate at the interface. Thus each block can perform a unique function 
which is not impeded or diluted by the presence of the other functional group. The metal-
oxide surface can be exposed only to chelating functional groups, which inhibit oxidation, 
while the second block can be designed to have a high degree of compatibility with the 
thermoset resin, and thus penetrate into, entangle, and chemically react with it. Block 
copolymers that have two types of chemical functionalities present in blocks, rather than 
randomly distributed along the backbone, can lead to better passivation of the metal 
surface and better compatibility with the resin than their random copolymer counterparts. 
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Another advantage of block copolymers is that there are many attachment points 
per molecule both to the solid substrate and to the resin. 
Epoxy coating 
Figure 1-7: Block copolymer at the Steel-epoxy interface 
The iron chelating block of the polymeric inhibitor forms a monolayer at the 
coating-steel interface. Contrary to small molecules, the polymer anchorage in the 
coating will prevent extraction by water, and the multiplicity of attachment sites forbid its 
displacement by incoming ions 
1.1.7. Organization of the thesis 
The work described in this thesis investigates the use of carefully designed 
functional poly(methacrylate) copolymers for improving corrosion inhibition of epoxy 
coatings. Our aim is to gain more insight into the effect of copolymer architecture on the 
adhesion properties to steel substrate. 
Chapter two reviews the different organic inhibitors that have been used against the 
corrosion of steel in saline solution. Chapter three is concerned with the choice and the 
investigation of the synthesis of suitable, inexpensive and simple new monomers with 
either metal chelation properties or epoxy compatibility. In chapter four, an overview is 
given of controlled free radical polymerization techniques for preparing functional 
polymers. Techniques studied include: nitroxide mediated polymerization (NMP), Atom 
Transfer Radical Polymerization (ATRP) and reversible addition-fragmentation chain 
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Block compatible with 
the coating 
Block chelating the Steel 
transfer (RAFT) polymerization. Free radical polymerization is one of the most versatile 
and convenient methods to prepare a seemingly unlimited range of homo- and 
copolymers. Optimization of the polymerization process is crucial in order to carefully 
control the copolymer design. The applicability, ease and control over the polymerization 
offered by these techniques using the previously studied monomers is investigated. The 
remaining part of this thesis is concerned with the applicability and assessment of the 
synthesized block copolymers as adhesion promoting agents for epoxy coatings and 
corrosion inhibitors for steel substrates. 
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CHAPTER II 
ORGANIC INHIBITORS AGAINST THE CORROSION OF STEEL 
IN SALT SOLUTION 
The use of inhibitors, substances capable of retarding corrosion, is one of the most 
practical methods of protecting metals from corrosion. 
Chromates and lead-based anticorrosives have long been used to drastically reduce 
i o 
the corrosion rates of various metals. These inhibitors have shown excellent 
performance for a variety of substrates, however their toxicity has led to extensive study 
of organic replacement. 
The effectiveness of inhibitors is determined by many factors, including the 
chemical nature and structure of the inhibitors themselves, the nature of the corroding 
metal and the composition of the corrosive medium. Medium that inhibitor is used in is 
very important for the selection of suitable inhibitor. Depending on the pH of the 
solution, corrosion reactions and consequently inhibition mechanisms are different. 
Different metals exhibits different receptiveness to inhibitors, therefore the nature 
of the corroding metal has to be taken into account when studying the inhibition process. 
In this review, the literature dealing with the inhibition of the electrochemical corrosion 
of steel in NaCl solution using organic compounds is examined. 
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2.1. Inhibition and other definitions 
2.1.1. Inhibition 
Inhibition is a preventive measure against corrosive attack on metallic materials. It 
consists of the use of chemical compounds which, when added in small concentrations to 
an aggressive environment, are able to decrease corrosion of the exposed metal.19 
For the inhibition of corrosion by most of the organic compounds, their adsorption 
on the metal surface is considered as the initial step. Physical adsorption is the result of 
electrostatic attractive forces between inhibiting organic ions or dipoles and the 
electrically charged surface of the metal. The surface charge of the metal is due to the 
electric field at the outer Helmholtz plane of the electrical double layer existing at the 
metal/solution interface. 
Interface inhibition, described by Lorenz and Mansfeld, presumes a strong 
interaction between the inhibitor and the corroding surface of the metal.20 The inhibitor 
adsorbed at the surface of the electrode can affect the basic corrosion reactions in 
different ways: 
• By a geometric blocking effect of the electrode surface due to the adsorption of a 
stable inhibitor at a relatively high degree of coverage of the metal surface. 
• By a blocking effect of active surface sites due to the adsorption of a stable inhibitor 
at a relatively low degree of coverage. 
• By a reactive coverage of the metal surface. In this case the adsorption process is 
followed by electrochemical or chemical reaction of the inhibitor at the interface. 
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In the first mode the inhibition effect comes from the reduction of the reaction area 
on the surface of the corroding metal, whereas for the other two modes the inhibition 
effects are due to the changes in the average activation energy barriers of the anodic and 
cathodic reactions of the corrosion process. 
Any physically adsorbed material is held either by electrostatic forces or by Van der 
Waals' type forces and minor variation in the structure of the molecule should make very 
little difference to the extent of firmness of attachment. The chemically adsorbed 
material, however, depends quite definitely on the character of the compound or the 
character of the derived particles which becomes associated with the solid. 
According to Hackerman, the presence of hetero atoms such as nitrogen, sulphur 
and phosphorus in the organic compound and also the presence of an aromatic ring, in the 
molecular structure are found to have a significant influence on the extent of adsorption 
of the organic compound on the metal surface and thereby the extent of inhibition of 
corrosion. The inhibiting properties of many compounds are determined by the electron 
density at the reaction center. With an increase in the electron density at the reaction 
center, the chemisorption bonds between the inhibitor and the metal are strengthened. 
This is explained by the presence of vacant d orbitals in metal atom that form 
coordinative bonds with atoms able to donate electrons. 
2.1.2. Corrosion reactions 
In the majority of the cases corrosion develops according to an electrochemical 
mechanism. In iron or steel corrosion, the following reactions may take place: 
At the anodic areas: Fe —» Fe2+ + 2e~ 
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When iron corrodes, the rate is usually controlled by the cathodic reaction. There 
are several different cathodic reactions that are frequently encountered in metallic 
corrosion. The most common are: 
Hydrogen evolution (acid solution): 2 H+ + 2e~ —» H2 
Oxygen reduction (acid solution): 0 2 + 4 H+ + 4e~ —> 2 H2O 
Oxygen reduction (neutral or basic solution): O2 + 2 H20 + 4e~ —> 4 OPT 
Corrosion rates in acid and neutral media are limited by different stages of cathodic 
processes. Thus, in acid media, this is the stage of discharge of hydrogen ions. In neutral 
media, this role is played by the diffusion of oxygen to the surface. Therefore, it is 
customary to use different classes of corrosion inhibitors for the protection of steels in 
media with different pH values. 
The development of corrosion inhibitors for steel in acid solutions has been the 
subject of many publications.23 Acid solutions are widely used in industry (acid pickling, 
industrial acid cleaning, acid descaling, oil well acidizing, etc.) . And because of the 
general aggressivity of acid solutions, inhibitors are very effective and commonly used to 
reduce the corrosive attack on metallic materials. 
The action of inhibitors in NaCl solution is less noticeable; however, functional 
groups of efficient inhibitors in acidic media equip these compounds with certain 
universal corrosion inhibiting properties. 
Hence, the main aim of the review is to study the influence of the structure of 
molecules on the anticorrosion efficiency and the mechanism of their action in NaCl 
corrosive media. 
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Recent literature has principally dealt with two main forms of corrosion inhibitors: 
chelating molecules and electroactive compounds. 
2.1.3. Inhibition evaluation 
Interference of inhibitors with the corrosion reaction should be thought in terms of 
the anodic reaction or the cathodic reaction regardless of where they take place. 
At this point, we should briefly go into some of the method for the study of 
inhibition processes. Several techniques are commonly used to evaluate corrosion rates 
and assess the efficiency of corrosion inhibitors. 
2.1.3.1. Linear polarization measurements 
The corrosion rate can be evaluated from the cathodic and anodic polarization 
curves. 24 The anodic and cathodic polarization curves for an active metal are shown in 
Figure 2-1. The cathodic polarization curve is recorded by polarization from the open 
circuit potential Eocp in the negative direction. The anodic polarization curve is obtained 
similarly by polarization from the Eocp in the positive direction. 
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Figure 2-1: Anodic and cathodic polarization curves for an active metal in aerated NaCl 
solution. 
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The linear portion of the cathodic branch (slope /3c) or the anodic branch (slope /3a) 
of the polarization curve can be extrapolated back to the intersection with the open circuit 
potential. The value of the current at this intersection yields the corrosion current density, 
which is equal to the rate of the anodic or corrosion reaction under freely corroding 
conditions. This extrapolation method is used to determine the corrosion rate of metals 
when either the cathodic or anodic branch exhibits a well defined linear region. 
Corrosion inhibitors can influence either the anodic or cathodic reactions, or both.25 
Since the anodic and cathodic reactions must balance, a decrease in either reaction will 
result in a lowering of the corrosion rate. Anodic inhibitor forms a passivation layer (a 
highly insoluble film) on metal surfaces by reacting with existing corrosion products 
which prevents the oxidation of the metal. If anodic inhibitors are used at too low 
concentration, the anodic sites are not completely blocked, and the remaining exposed 
anodic area will be much smaller than before. The cathodic reaction is not affected and 
this will give higher current densities at the anode sites, causing highly localised attack 
called pitting and leading to rapid perforation of sections. 
Cathodic inhibitor retards the corrosion by inhibiting the reduction of water to 
hydrogen gas. As every oxidation requires a reduction to occur at the same time it slows 
the oxidation of the metal. Cathodic inhibitors promote insoluble deposits that have an 
insulating effect and block the flow of electrons. 
An inhibitor that acts both in a cathodic and anodic manner is termed a mixed 
inhibitor. Amine, for example, increase the pH thereby making proton reduction less 
favorable. And certain amine can form a protective film on the steel surface and therefore 
also act as an anodic inhibitor. 
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Figure 2-2: Effect of addition of either an anodic (A) or cathodic inhibitors (B). 25 
The addition of a cathodic inhibitor results in a new cathodic curve that intersects 
the anodic curve at a lower corrosion rate and corrosion potential. On adding an anodic 
inhibitor, the corrosion current is lowered and the corrosion potential increased (Figure 
2-2). 
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25 Figure 2-3: Effect of addition of anodic and cathodic inhibitors. 
When both anodic and cathodic inhibitors are used corrosion rate is reduced even 
further (Figure 2-3). 
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The inhibitive efficiency is defined by: 
i° - 1 
• r n r r l \E(%)= t-u",0 LU11xlOO ( 2 1 ) 
^corr 
where icorr and i corr are the corrosion current densities in solution, with and without 
inhibitor 
2.1.3.2. Gravimetric measurements 
For general corrosion, (uniform thinning) the corrosion rate is proportional to the 
weight loss and inversely proportional to the area, exposure time and density of the 
specimen. Steel samples are immersed in solution with and without inhibitors for a 
predetermined time period. The corrosion efficiency obtained by weight loss 
measurement is calculated as follow: 
w° — K 
"corr "corr !?(%) = -"" o >< 100 (2.2) 
^corr 
Kcorr and K°COrr are the corrosion rates with and without inhibitor. 
2.1.3.3. Electrochemical impedance spectroscopy (EIS) 
The purpose of EIS is to obtain information about the presence of defects, reactivity 
of interfaces, adhesion, and presence of corrosion processes when an organic coating is 
deposited onto a metallic surface to protect it. An AC voltage of varying frequency 
applied to the sample permits one to quantitatively measure both resistances and 
capacitances in the electrochemical cell. ' 
To quantify these physical and chemical processes, impedance plots for a coated 
sample are modeled by using an equivalent circuit depicted in Figure 2-4, which consists 
of the electrolyte resistance (Rs), pore resistance (Rp), coating capacitance (Cc), charge-
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Figure 2-4: Equivalent circuit model for a coated sample 
Rp values indicate changes in the resistance of the coating during exposure due to 
the penetration of electrolyte into the micropores of the coating. The Pore Resistance 
usually decreases with time of exposure to the electrolyte. An increase in Rp after long 
exposure times is commonly attributed to corrosion products from the metal substrate 
blocking the pores. Ret values describe the corrosion rate of the metal substrate beneath 
the coating. A high value of the Ret is attributed to the formation of a stable passive layer 
at the steel surface and the effective barrier behavior coating. The lower values of Cc and 
Cdl for the coated steel depict the protection of mild steel by the coating. Thus, the higher 
values of Ret and Rp and lower values of Cc and Cdl indicate excellent corrosion 
performance of a coating. The Nyquist impedance plot of a coated sample can be fitted 
with two semicircles (Figure 2-5). The first semicircle is attributed to the coating itself 
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Figure 2-5: Typical Nyquist impedance plot for coating system in several states. 
The Nyquist impedance plot of the uncoated mild steel can be fitted with one 
semicircle, which is attributed to the processes occurring at the steel surface. The 
diameter of the impedance plot is equal to the charge transfer resistance value of the mild 
steel, since in absence of coating, passivation of the steel surface cannot be expected. 
This impedance plot is modeled by the equivalent circuit depicted in Figure 2-6. The 
equivalent circuit consists of the electrolyte resistance (Rs), charge-transfer resistance 
(Ret) and double layer capacitance (Cdl). 
— • W V — I >^~ 
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Figure 2-6: Equivalent circuit model for an uncoated coated sample 
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where Rctp and Ret denote the charge-transfer resistance of mild steel with and without 
coating. 
2.2. Inhibition by chelation 
2.2.1. Chelation mechanism 
Most organic compounds which serve as very effective corrosion inhibitors have 
been shown to chelate the metal. Chelating agents are organic compounds which 
complex or sequester metal ions.28 The word chelate derives from the Greek root "chela" 
meaning the claw of a lobster. 
Chelation occurs when two donor groups of a single molecule, called the chelating 
agent, react with a common metal ion to form a ring complex.29 The bonds between the 
inhibitor atoms and the metal surface may be either coordinate (both electrons being 
donated by the inhibitor atom) or covalent (one electron donated by each atom). Suitable 
coordinating group are =0, -NH2, =NH, =N-, =NOH, =S, and -OH (alcoholic), while 
covalent bonds can form following ionization of acidic group such as -COOH, -SH, 
=NH, an -OH (phenolic or enolic). An effective inhibitor must have either two basic 
groups, or one acidic and one basic group. In addition, the active functional groups must 
be situated in the inhibitor molecule that, on reacting with the metal atom, a ring structure 
can be formed without excessive strain. The most stable structures consist of five- or six-
membered chelate rings containing the metal ion. 
Two mechanisms can be responsible for metal stabilization by surface chelation. 
The chelating molecule may react with metal ions while they are still bound up in the 
22 
lattice of the metal surface, as suggested by Hackerman. In this case, the steric 
requirements for complex formation can be expected to be much more stringent than 
those which apply in solution, and only very specific molecular groupings will be able to 
provide effective corrosion inhibition. The second possibility is that the ions of the metal 
surface dissolve and immediately react with the chelating agent, forming a complex of 
such high molecular weight and low solubility that it precipitates on the metal surface. If 
this mechanism applied, chelating agents of marginal solubility which are known to be 
effective in solution would be expected to be good corrosion inhibitors. Studies suggest 
that the corrosion inhibition observed involves both of these mechanisms, and as a result 
only very specific chelating compounds are effective.30 Because of the stringent 
requirements for stable ring formation, the reactions of organic chelating agents are 
extremely metal specific. 29 
The ortho, meta and para amine substituted phenols and thiophenols (Figure 2-7) 
offered an interesting demonstration of the chelation effect. Both ortho-aminophenols 
and ortho-aminothiophenols are capable of forming 5-membered rings with zinc atoms or 
ions of the metal surface. For the meta isomers, such chelate formation would not be 
possible. Bonding might occur from either the NH2 or the OH position, with some further 
stabilization resulting from close proximity of the other donor group to the surface. For 
the para isomer, only interaction with a single donor group is geometrically possible, so 
minimal protection is expected. 
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Figure 2-7: Demonstration of the chelate effect. Galvanized steel panels were immersed 
for 30 seconds in 0.15% aqueous solution of the indicated compounds. The times 
reported are the duration of immersion in distilled water prior to the first appearance of 
white rust. 
The work of Duprat and Dabosi on corrosion inhibition of carbon steel in aerated 
3% NaCl solution by 2-ethylamino-ethanol showed the existence of appreciable intrinsic 
inhibitive properties: the ability of the compound to stabilize the oxide surface film and 
its adsorption onto bare sites of the metal, involving surface chelate formation in both 
case.21 The inhibition efficiencies of these compounds are summarized in Table 2-1 and 
Table 2-2. 
Compound (102 mole.L') IE (%) 
H2N-(CH2)2-OH 49 ± 7 
H2N-(CH2)2-NH2 84 ± 3 
HO-(CH2)2-OH 2 ^ 9 
Table 2-1: Influence of heteroatom nature on the differential inhibitive Efficiency. 
It appears that the presence of two-NH2 groups in the molecule is most favorable 
for inhibition. On the other hand, the presence of two -OH groups is not very favorable; 
the arrangement of an -NH2 and an -OH group exhibits an intermediate behavior. All the 
24 
results are in good agreement with the availability of free electron pair of the hetero-
atoms and hence are consistent with the degree of complexation expected. 










Table 2-2: Influence of the carbon chain length on the differential inhibitive efficiency. 
The results reported in Table 2-2 confirm the correlation between chelate stability 
and inhibitor effectiveness. There is a slight decrease in efficiency when n is increased 
from n=2 (5-membered chelate ring) to n=3 (6-membered chelate ring) and a larger 
decrease when n is increased to 4 and 5. When n=4 and 5 the chelated complex is less 
stable and produces the observed decrease in inhibition efficiency. 
In this study 5-membered ring are more stable than six-membered ring, but this order 
may sometimes be reversed. 
2.2.2. Azoles 
Whereas in acidic media, many organic compounds such as azoles, amines, amino 
acids and their derivatives seem to act as effective corrosion inhibitor, in NaCl solution 
only azoles and their derivatives have been studied and seem to be equipped with 
universal properties that make them useful in that environment 
Azoles are organic compounds containing nitrogen atoms with free electron pairs that are 
potential sites for bonding with steel and that enable inhibiting action. There is also the 
possibility of introduction in molecules of these compounds of other heteroatoms and 
groups which confer increased inhibition characteristics. 
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2.2.2.1. Amino-triazole and derivatives 
El Hajjaji and coworker studied the effect of triazole organic molecules containing 
heteroatoms such as nitrogen or sulfur (triazole-thiol and amino-triazole) on the corrosion 
behavior of iron in an aerated solution of NaCl (3%).31 
These molecules shown in Figure 2-8 contain coordinating (=N-, -NH2) and covalent (-









Figure 2-8: Chemical structures of Triazole-thiol and Amino-triazole 
Electrochemical data showed that the corrosion resistance was greatly enhanced in 
presence of aminotriazole which acts on the anodic electrochemical processes (Figure 
2-9). The inhibition effect of the molecule is more important with high concentration and 
reached a maximal protection efficiency of 67% for a concentration of 1CF1 M (Table 
2-3). For triazole-thiol, the protection was only about 17% for a concentration of 10 ' M. 
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Table 2-3: Electrochemical parameters of iron in NaCl 3% with and without inhibitor 
aminotriazole (ATA). 
Solution Rp (0 cm2) 
Fe in NaCl (3%) 620 
Fe in NaCl (3%) + 10~3 M of triazole-thiol 280 
Fe in NaCl (3%) + 10 3 M of amino-triazole 2540 
Table 2-4: Polarisation resistance determined from the impedance spectra of iron in 
NaCl 3% in absence and in presence of inhibitor (10 M). 
Values found by EIS for Rp (Table 2-4) confirm the results obtained by 
polarization. 
Bilgic and coworker found that by linking 3-amino-l,2,4-triazole (ATA) corrosion 
inhibitor to a corrosion accelerator 4-hydroxy-2H-l-benzopyran-2-one (HQ), the 
molecule obtained, 4-hydroxy-3-(lH-l,2,4-triazole-3-ylazo)-2H-l-benzopyran-2-one 
(ATA-Q), displayed an uniquely high inhibition efficiency.32 The inhibition efficiencies 































Figure 2-10: Corrosion parameters obtained by linear polarization method for steel in 
3.5% NaCl without and with inhibitors. 
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ATA-Q has the lower LUMO energy (ELUMO) level of the three molecules and can 
accept more easily electrons of the d orbital of metallic iron; therefore it will form the 
strongest interaction with iron. A good inhibitor does not only offer electrons to the 
unoccupied d orbital of metallic iron but can also accept the electrons of metallic iron by 
using their antibonding orbital to form a feedback bond. 
2.2.2.2. Benzotriazole 
Benzotriazole (BTAH) depicted in Figure 2-1 is an organic compound consisting of 
benzene and triazole ring, which formula is C6H5N3. The presence of nitrogen atoms in 
the triazole ring enables bonding with iron and is the basis for the inhibitive effect of 
BTAH.37 
Figure 2-11: Molecular structure of benzotriazole 
Although the remarkable efficiency of Benzotriazole and its benzene ring-
substituted derivatives as corrosion inhibitors for Cu and its alloys has been well-
documented, little information has been obtained for the Fe surface. 
Cao and coworker have investigated the inhibition effects and mechanisms of 
BTAH for iron by use of confocal Raman.34 BTAH is chemisorbed onto iron surface in a 
neutral chloride containing solution by formation of Fe-N coordination bonds, forming a 
[Fen(BTA)2]n surface protective films as shown in Figure 2-12 which inhibits the anodic 
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Figure 2-12: The molecular structure of the surface complex: [FeH(BTA)2]n-34 
Polarization measurements (Figure 2-13) show that both the anodic metal 
dissolution and the cathodic hydrogen evolution reaction are slowed by adding 1.0 x 10"4 
M BTAH to a 0.1 M NaCl solution.34 The inhibition efficiency IE calculated from the 
corrosion current densities (Icorr) obtained from the polarization curves by extrapolation is 














-08 -0.7 -0.6 -0.5 -0.4 
E vs. SCE (mV) 
Figure 2-13: Potentiodynamic polarization curves for the iron electrode in 0.1M NaCl 
without and with the presence of 1.0 x 10~4 MBTAH at 15°C.34 
Bastos et al. studied the inhibition of iron corrosion in 0.05 M NaCl in the presence 
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Figure 2-14: Bode plots (left) and Nyquist plot (right) of the impedance of Fe after 24 
hours of immersion in 0.05 M NaCl and in the inhibitive solutions (0.05 M NaCl + 0.5 
g.L benzotriazole). 
The impedance spectra of iron (Figure 2-14) in NaCl and in NaCl+BTAH show a 
single time constant, attributed to the response of the double layer capacitance, Cdl, and 
the charge transfer resistance, Ret. Cdl is smaller for the solution containing BTAH 
which is explained by the adsorption of inhibitor to the metal surface that decreases the 
active area. For the same reason, Ret is slightly higher in the solution containing BTAH 
than in NaCl alone. The protection efficiency calculated from the charge transfer 
resistance, Ret, is shown in Table 2-5. 
Solution Rct(Q.cnr) PE(%) 
i NaCl (0.05 M) 2.13x10 
NaCl 0.05 M + 0.5 gL"1 BTAH 2.46xl03 13.4 
Table 2-5: Values of Ret and corresponding protection efficiency for iron in 0.05 M NaCl 
and in 0.05 MNaCl + 0.5 g.L' benzotriazole. 5 
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Notoya and Ishikawa compared the inhibitive effect of benzotriazole (BTAH), to 
methylbenzotriazole (TTA) and benzotriazolecarboxylic acid (BTA-COOH) on the 
corrosion of Fe in aerated 3% NaCl at 50°C by polarization and weight loss 
measurements.36 The potentiostatic polarization curves of Fe showed that the three 
inhibitors increase both anodic and cathodic polarization. Inhibition of the cathodic 























Table 2-6: Inhibition efficiency of benzotriazole, methylbenzotriazole, and 
benzotriazolecarboxylic acid calculated by weight loss measurement in aerated 3% 
NaCl.36 
Inhibition efficiencies obtained by weight loss measurements (Table 2-6) increased 
with increasing inhibitor concentration and the effectiveness increased in the order of 
TTA < BTA < BTA-COOH (at IO"4 mol/L). At the concentration of IO"3 mol/L, 
however, the inhibition efficiency of BTA-COOH remained almost constant because of 
its solubility limit in the solution. 
2.2.2.3. Imidazole derivatives 
Another azole type compound that also received plenty of attention is imidazole (Figure 
2-15) as well as its derivatives. 
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H 
Figure 2-15: Structure of imidazole molecule 
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Imidazole is a planar, aromatic heterocyclic organic compound containing two 
nitrogen atoms that form five-membered ring. One of the nitrogen atoms is a pyrole type, 
and the other of pyridine type. Based on the structure it can be seen that imidazole 
molecule has two places convenient for bonding with surface: N atom with lone sp2 
electron pair and aromatic ring. It is favorable due to its non-toxicity and high inhibition 
efficiency. Action mechanism is the same as for other azole compounds, adsorption of 
molecules on metallic surface and formation of protective complex with the metal. The 
efficiency increases with concentration increase, while the temperature increase has a 
negative effect. Introduction of groups influences the efficiency but not the inhibition 
mechanism. Phenyl group, mercapto group, presence of more heteroatoms as potential 
centres for bonding with iron as well as benzene ring showed to be especially favorable. 
Mercaptobenzimidazole 
Amar and coworker studied the corrosion inhibition of iron by 2-
mercaptobenzimidazole (Figure 2-16) by gravimetric, and electrochemical 
measurements. 
Figure 2-16: Structure of 2-mercaptobenzimidazole 
Polarization measurements (Figure 2-17) indicated that 2MBI in 3% NaCl acts as 
anodic inhibitor which retards the anodic process by adsorption on the active sites of the 
metal surface leading to the formation of a protective layer suppressing the dissolution 
reaction. The results reported in Table 2-7 show that the inhibition efficiency of the 
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studied inhibitor, 2-mercaptobenzimidazole (2MBI) increased with inhibitor 
concentration. 
MKKI 
W V vs.SCH 
(a) blank, (b) 10"4 mol dm3 , (c) 5 x 10 4 mol dm"3, (d) 10"3 mol dm"3 and (e) 5 x 10"3 mol dm"3 
Figure 2-17: Anodic and cathodic polarization curves of Armco iron in 3% NaCl in the 
absence and the presence of various concentrations of2MBI. 
2MBI concentration (mol/L) 
10"4 
5 x 10"4 
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Table 2-7: Inhibition efficiency obtained by Anodic and cathodic polarization curves (IE) 
and gravimetric measurement (n) in the absence and the presence of various 
JO 
concentrations of2MBI in 3% NaCl solution. 
Humenyuk, Syza, and Krasovskyi, have shown that derivatives of 2-
mercaptobenzimidazole are efficient for both the corrosion protection of steels in acid 
and neutral (3% NaCl) media.39 The inhibition efficiency in acidic media is higher, the 
corrosion rates being faster in acidic media. 
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Figure 2-19: Polarization curves for steel in 0.1 HCl and in 3% NaCl with and without 
inhibitor In-2. 39 
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Table 2-8: Inhibition efficiency determined using gravimetric data (mass losses). 
Alkylimidazole 
The action of amphiphile compounds in corrosion inhibition has raised interest. The 
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Figure 2-20: Molecular structure of alkylimidazoles 
Unsaturated bonds on heteroatoms of the organic molecules favor electronic 
bonding with the d orbital of the metal substrate, and the hydrophobic part, the alkyl 
chain, confer the ability to form a protecting bilayer adsorbed onto the metallic surface. 
In their work, Srhiri and coworker studied the influence of the hydrophobic chain of 
N-alkylimidazoles on the electrochemical behavior of carbon steel in stirred and aerated 
34 
3% NaCl solution.40 The maximum corrosion inhibition efficiency was obtained with 11 
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Figure 2-21: Variation of corrosion inhibition efficiency at 30°C with the number of 
40 
carbon atoms in the hydrophobic chain of10~ M alkylimidazoles. 
When n<8, high concentration is needed to attain a good corrosion inhibition. The 
lower corrosion inhibition efficiency with longer hydrophobic chains can probably be 
interpreted by deformation of the hydrophobic head destabilizing the adsorbed layer. N-
undecylimidazole gave rise to a considerable corrosion inhibition even at low 
concentration; it acts cathodically at low concentrations and anodically at high 
concentrations. Corrosion current, icorr, therefore corrosion inhibition efficiency increases 
with concentration (Table 2-9). The maximum corrosion inhibition efficiency was 
observed about the critical micellar concentration (c.m.c). The establishment of a 




















520 ± 10 
340 ± 15 
500 ± 10 
500±20 





460 ± 15 
470 ± 20 
W 0 * 
10"JM 
475 ± 15 
400+ 15 
250 ±20 




110 ± 15 





5 x 10"3M 
450+ 15 
450 ± 10 
180 ±20 
350 ± 15 
250 ±20 
200± 15 
100 + 23 
75 ± 18 
45 ± 7 
280 ± 10 
280 ±20 




150 ± 10 
220 ± 10 




4 0 ± 5 
90 ±20 
240 ± 10 
400± 15 
Table 2-9: Values of electrochemical parameters as a function of concentrations of N-
alkylimidazole and the number of carbon atoms in the hydrophobic chain. 
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Figure 2-22: Anodic polarization of the steel in 3% NaCl, and of the steel in 3% NaCl + 
10'2 MN-undecylimidazole at 30°C.40 
Wahyuningrum et al. studied the influence of a carbonyl chain on the C(2) and 
either hydroxyethyl or aminoethyl group on the N(l) of imidazole.41 The three imidazole 
derivatives studied are represented below (Figure 2-23): 
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Figure 2-23: Structure of three imidazole derivatives 
The corrosion inhibitions obtained by polarization measurement are summarized in 
Table 2-10. The x- electron of the ethylene groups of heptadec-8-enyl substituents seems 
to play an important role in the adsorption of the compound on the metal surface, in 
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Table 2-10: The corrosion inhibition activities of the sample 1, 2 and 3, utilizing Tafel 
plot method at various concentrations in l%NaCl solution at 27°C. 
The hydroxyethyl group on position N(l) derivative compounds gave higher 
corrosion inhibition activity than the ethylamine (aminoethyl) group substituted on the 
same position. The oxygen atom of the hydroxyethyl group has a higher electronegativity 
than the nitrogen atom of the ethylamine group, therefore the affinity of the -OH group 
towards electrons in the 3d orbitals of the transition metal is higher than the -NH2 group. 
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Vinylimidazole Derivative 
Wahyuningrum and al. compared the inhibitive properties of structurally closely 
related 4,5-diphenyl-l- vinylimidazole derivative compounds.42 Table 2-11 represent the 
compounds studied and their inhibition at different concentrations. 
Sample Concentration % IE 
(mol/L) 
2.4x 10"5 33.20 
4.8x 10"5 21.00 
9.7x 10"5 28.92 
2.5x 10-5 18.49 
5.0x 10"5 58.68 
9.9x 10"5 71.09 
2.3x 10"5 23.22 
1-. ^ ~ \ J^mh 4.5x 10"5 45.37 
' . ^-' (,>mp,.„n<l .< g j x JQ-5 4 8 . 7 1 
2-(4-nK.nhi>x>iihctn1 F4.5-diphcnv 1 
- l-vinyM/Z-iinida/ole 
Table 2-11: Correlation between the concentration of synthesized 4,5-diphenyl-l -
vinylimidazole derivative and the efficiency inhibition activities (%IE) of the compounds 
towards carbon steel in 1% NaCl solution at 27°C utilizing Tafel method. 
The planarity and the rich n aromatic electrons of phenyl groups within the 
structure of these compounds are accountable for their corrosion inhibition activity. The 
presence of the long hexyl group attached to the imidazole ring framework sterically 
hinders and retards the adsorption process on the metal surface. The additional electron-
donating para methoxy group of the C-2 phenyl substituent disturbs the planarity of 4,5-
diphenyl-1 -vinylimidazole structures. 
•N 
\ Cninpmmri I 
!-hcxv!-4.5-iliphcnvl-l-vinvl-l//-inudazok' 
"•N 
'--. /^ t 'oinpiHind 2 
2A5-triphenv]-l-vinvl-U/-imHi,i;mk 
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2.3. Polymer as corrosion inhibitors 
2.3.1. Chelating polymers 
Polymers containing anchoring sites like nitrogen, oxygen or sulphur obtained by 
the polymerization of monomer possessing the coordinating site exhibit metal adsorption 
abilities. The polymer coordinating groups arise either from a specific monomer or result 
from the combination of different monomeric units as shown below (Figure 2-24).43 
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Figure 2-24: Polymer coordination modes.43 
Chelating groups incorporated into polymers have received little attention as 
corrosion inhibiting coating for Steel in NaCl solution. 
Truesdell et al. studied the effect of binary condensation polymers capable of 
chelation to metal on the corrosion inhibition on steel in salt water.44 The steel samples 
were coated by immersion in a 0.5% polymer solution (weight/volume) in 
tetrahydrofuran. The corrosion inhibition is calculated from weight loss measurement 
compared to an uncoated sample (Table 2-12). Whereas poly (vinyl chloride) shows 
statistically no corrosion inhibition over the test period, all the chelating polymers 
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showed substantial corrosion inhibition (Figure 2-25). Poly (styrene), poly (methyl 

















A K -K^ ^ ^ - 45 



















Poly( 1,3-propanedithiol-3,3 '-thiodipropionate) 126 




































Table 2-12: Corrosion inhibition efficiency of several chelating polymers. 44 
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H clean 
>^ adsorbed poly(vinyl chloride) 
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Figure 2-25: Corrosion rate in mils per year as a function of exposure time to ocean 
water for clean, adsorbed polyvinyl chloride), and adsorbed poly (1,2-ethanedithiol-3,3'-
thiodipropionate). 
2.3.2. Corrosion inhibition properties of epoxy coatings 
The mechanisms of corrosion protection by organic coatings have been extensively 
discussed in the literature.46 The performance of organic coating towards corrosion 
protection is related to their thickness and permeability, their adhesion to the metallic 
substrate and their dielectric properties. Apart from acting as barriers against diffusion of 
corrosive substances, certain types of coatings offer protection against corrosion of steel 
surfaces by exerting inhibition on the corrosion reactions and inserting high electrical 
resistance between the anodic and cathodic areas of the corrosion cell circuit. 
Epoxy-diamine mixtures are extensively used as adhesives or paints in many 
applications where corrosion protection is needed. When they are applied onto metallic 
substrates and cured, an interphase, having chemical, physical, and mechanical properties 
quite different from bulk polymer is created between the substrate and the polymer. 7 
Epoxy-amine liquid monomers react with the metallic oxide and/or hydroxide to form 
41 
chemical bond increasing practical adhesion (or adherence) between the epoxy polymer 
and the substrate surface. The study of an epoxy/BF3-monoethylamine system applied 
onto steel showed that the epoxy conversion rate was more important in the 
polymer/interface region, suggesting the existence of chemical reaction at the steel 
surface. 
A chemical sorption of the diamine monomers and a partial dissolution of the 
surface oxide and/or hydroxide metallic layer have been shown.48 Metallic ions diffuse 
through the liquid monomer layer and react with the amine groups to form an organo-
metallic complex by coordination bonding. Formation of organo-metallic complexes 
greatly improves practical adhesion after aging. The created complexes act as corrosion 
inhibitors. 
2.3.3. Inhibition by conducting polymers 
Deberry in 1985 first reported that doped polyaniline (PANI) performed well as a 
corrosion resistance coating on stainless steel. Since then, many research groups have 
been interested in the study of PANI for corrosion inhibition of steel in NaCl solution 
with an upsurge of interest in the past few years. 
In an effort to replace traditional anti-corrosive paints, which contains toxic lead 
and hexavalent chromium compounds as pigments, a great variety of conducting 
polymers have been tested over the last years as anticorrosive coatings in saline 
environment.51 Polyaniline, polyaniline derivatives and polypyrrole are the most 
promising conducting polymers for corrosion protection.5 The lower price of aniline 
monomer compared to pyrrole made PANI more attractive. 
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2.3.3.1. Mechanism of corrosion protection by conducting polymers 
The mechanism of the corrosion protection of Fe provided by conducting polymers 
is still unclear. The use of conductive polymers as anticorrosive coatings is based on the 
formation of an active electronic barrier on the metal surface. The electroactive coating 
participates in the reactions taking place across the coated metal-polymer-electrolyte 
interface affecting the formation of the passive oxide layer. 
Kinlen et al. reported that the doped oxidized form of conducting polymers leads to 
oxidation of Fe, thereby passivating iron by maintaining a protective oxide layer on Fe.52 
The reduced polymer is then reoxidized by air and thus acts as a catalyst for oxidative 
passivation of iron. Polyaniline applied in the emeraldine state is reduced by substrate 
metal to leucoemeraldine state. Reaction of leucoemeraldine with air restores the 
polymer's emeraldine oxidation state. The different states of polyaniline are represented 
in Figure 2-26. 
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Figure 2-26: The different forms of Polyaniline involved in the corrosion protection 
Adhikaria et al. proposed the following mechanism for the corrosion process in 
neutral chloride solution: 
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Phase I: 
Dissolution of Fe as an anodic process: Fe ->• Fe2+ + 2e~ 
Polymer-reduction process: PANI (emeraldine salt) (ES) —> PANI (leucoemeraldine base) (LB) 
Phase II: 
Reduction of dissolved oxygen 0 2 + 4e~ + 2H20 —> 40H 
Polymer re-oxidation PANI (LB) -» PANI emeraldine base (EB) -»• PANI (ES), 
Formation of oxide 20H + Fe2+ -> Fe(OH)2 -»• Fe(OH)3 -»• Fe203 
These reactions result in the Formation of a Fe-PANI complex at the metal-polymer 
interface. Oxidation-reduction chemistry between substrate metal and polyaniline results 
in a more noble, better passivated metal surface. Anodic and cathodic reactions become 
very slow due to the effective corrosion protection by the coating. 
It has been shown that both forms of polyaniline (ES and EB) provide a degree of 
corrosion protection. But the protection afforded by the doped form of PANI (ES) is 
stronger.54 Samples coated with PANI in the undoped state (EB) do not present essential 
properties to be proposed as an anticorrosive coating. Thin undoped PANI films are 
porous and the adhesion onto mild steels is very poor.55 The lack of adhesion leads to bad 
performance even when PANI is topcoated with high-performance epoxy based paint. 
2.3.3.2. Anticorrosive properties of polyaniline 
Polyaniline has a number of features which place it at the intersection of several 
known groups of corrosion inhibitors. The broad class of amine encompasses many 
corrosion inhibitors. ' Large flat molecules with multiple rings seem to act as good 
corrosion inhibitors. Electron density is positively related to inhibitory activity. 
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Deposited either via electrochemical synthesis or casting, PANI can be used as a single 
coating,56'57 as a primer under an epoxy top coat, or blended with coatings (epoxy, vinyl, 
polyurethanes) to provide additional barrier against corrosive agent.58 
Pawar and coworker demonstrated excellent anticorrosion properties of the ES form 
of PANI coated onto mild steel in NaCl solution.59 Polarization measurements (Figure 
2-27 and Table 2-13) and EIS study (Figure 2-28) clearly reveal the capability of 
polyaniline to act as a corrosion protective layer on steel showing a substantial reduction 
in the corrosion current density (IE = 98.85%), a positive shift in Ecorr and an increase 
of the charge-transfer resistance (PE = 98.07%) for the polyaniline- coated mild steel 
with respect to the uncoated mild steel. They found the thickness of the coating to affect 
the corrosion protection properties of the polyaniline coating. The corrosion is lowest for 
the 6 mm thick coating. 
10-"' 10-8 1 0 ' 1x10J 10-2 
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Figure 2-27: Potentiodynamic polarization curves for (a) uncoated mild steel and (b) 
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Table 2-13: Values of electrochemical parameters as a function of thickness of 
polyaniline on steel in 3% NaCl solution. 
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Figure 2-28: Nyquist impedance plots for (a) uncoated mild steel and (b) polyaniline-
coated mild steel. The plots were recorded at open circuit potential in aqueous solution 
of3%NaCl.59 
Thin film of conducting polymers can provide protection in a relatively short 
period. Therefore, it is necessary to combine advantages of conducting polymers and 
classical organic coatings to obtain better corrosion protection of common metals, 
especially mild steel. 
Lee and coworker showed that the ability of polyaniline (PANI) to act as a 
protective coating for mild steel corrosion in saline by electrochemical impedance 
spectroscopy is further enhanced by the presence of a top coat to increase the diffusional 
resistance for the corrosion species. Figure 2-29 shows an increase of the coating 
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Figure 2-29: Nyquist plots of mild steel coated with (a) PANI coating, (b) insulating top 
coat, and (c) PANI with the insulating top coat; in NaClfor 6hours. 
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The behavior of epoxy coated steel with a PANI primer upon prolongated exposure 
in NaCl media was further studied by Grgur and coworker.61 
PANI/epoxy coating system on mild steel was found to be more porous compared 
to epoxy coating alone (lower values of pore resistance during initial time of exposure) 
but after 14 days the epoxy coating lost its protective properties (Figure 2-30a) while 
PANI/epoxy coating system maintained protective properties even after 56 days of 
exposure to corrosive environment (Figure 2-3 Ob, inset) due to the additional barrier 
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Figure 2-30: Nyquist plots for epoxy coated mild steel and for PANI/epoxy coated mild 
steel after immersion in 3% NaCl. 
The corrosion performance of polyaniline (PANI) pigmented polyvinyl coating on 
steel, studied by electrochemical impedance spectroscopy (EIS) in 3% NaCl solution, 
was found to initially decrease due to the corrosion of steel in pin holes of the coating.61 
But on increased exposure time, the impedance values (Rp and Ret) therefore the 
corrosion protection were found to increase due to the formation of passive film on the 











5.2 x 105 
2.2 x 105 
2.7 x 105 
3.1 x 105 
3.8 x 105 
4.6 x 105 
6.9 x 105 
Cc (F cm'2) 
1.7 x l(Ty 
2.7 x 10~9 
5.6 x 1(T10 
1.5 x 10-10 
1.1 x 10~10 
1.6 x 10H 0 
2.2 x 10~10 
Rot (fi cm2) 
8.3 x 105 
1.1 x 105 
3.8 x 105 
1.1 x 106 
1.2 x 106 
8.3 x 105 
9.6 x 105 
Cdl (F cm 2) 
2.8 x l(T9 
3.9 x 10'9 
3.9 x 10 9 
1.5 x 10~9 
3.5 x 1(T9 
2.0 x 10~9 
2.9 x 10~9 
Table 2-14: Impedance parameters ofpolyaniline pigmented paint coating on steel in 3% 
Nad. 61 
A growing number of studies claim that films of the conducting polymers provide 
protective behavior preventing the local corrosion of bare metal under damaged film.62 
The doped electrically conducting form of polyaniline film (film of thickness 0.005 cm) 
on steel with epoxy top coat has been reported to give excellent performance in 3.5% 
NaCl even at scribed areas.63 
Tansug and al. reported on the healing effect by surface passivation of scratched 
surfaces of epoxy polyamine top-coated polyaniline coati64ng.64 The PANI coating was 
shown to improve significantly the protection efficiency of the epoxy coating against 
mild steel corrosion along a defect against attack by a 3.5% NaCl solution corrosive 
environment. 
Amine cured epoxy was found to dedope the ES to EB.54Despite the dedoping, the 
ES/epoxy sample was superior to the EB/epoxy coated steel sample and far superior to 
epoxy alone. 
It has been stated that the future for the use of electrically conducting polymers as 
corrosion resistant coatings appears promising, especially as additives to improve the 
performance of the existing coating systems.62'63,64 
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2.3.4. Amine-quinone polymers 
Since Erhan and coworkers first reported that polymers containing the 2,5-diamino-
1,4-benzoquinone functional group had a strong affinity for the surface of iron and can 
protect iron against corrosion,65 there has been an ongoing interest in this class of 
polymers.66'67'68 Nikles' group synthesized amine-quinone polyurethanes by 
copolymerizing an amine-quinone diol monomer (Figure 2-31) and an oligomeric diol 
monomer (e.g., polytetrahydrofuran diol) with a diisocyanate (e.g., toluene 
diisocyanate).67 Iron substrates coated with amine-quinone polyurethanes showed better 
resistance to corrosion compared with conventional polyurethane. 
(.) i'ii-, 
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Figure 2-31: Structure of the amine-quinone monomer. 
The nature of the interaction at the polymer/metal interface occurs through the 71 
system of the amine-quinone functional group and the nitrogen of the soft segment, and 
through the quinone carbonyl functional group. 
Steel coupons treated with a quinone-amine polyurethanes coupling agent and top-
coated with epoxy resin demonstrated excellent corrosion resistance, excellent hot water 
(60°) durability and enhanced adhesion of epoxy to steel by a 10-15% dry strength 
improvement when compared with epoxy alone.68 
A diamine-quinone monomer (AQMDA) shown in (Figure 2-32) condensed with a 
dianhydride and imidized gave an amine-quinone polyimide which form a strong 
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adhesive bond with the iron and provide better corrosion protection than conventional 
polyimide on iron substrate in aqueous NaCl solution.69 
NHv—/ \— CHy-% y— N 
0
 * / - \ ft * 
Monomer 
Polyimide 
Figure 2-32: Structure of diamine-quinone monomer (AQMDA) and the amine quinone 
69 polyimide. 
Electrochemical impedance spectroscopy (EIS) was used to study the corrosion 
protection afforded by the amine-quinone polyimides (Figure 2-33 and Figure 2-34); high 
coating resistance and low coating capacitance are characteristic of a good anticorrosion 
coating. 70 
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Figure 2-33: Bode plots for the conventional polyimide (PI) coated iron after 0 and 2 
days exposure to 0.1 M NaCl, (a), and for the amine-quinone polyimide (AQPI-2) coated 
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Figure 2-34: Plots of coating resistance, A, and coating capacitance, B, as a function of 
time exposed to 0.1 MNaCl electrolyte. 
2.4. Conclusions 
Corrosion inhibition of steel in NaCl solution involves metal stabilization either by 
a strong chelating interaction between the chemical and the metal, or due to 
electrochemical properties of the coating that slows the rate of the metal oxidation. 
Although many organic compounds that chelate the metal at the surface act as very 
efficient corrosion inhibitors for steel in NaCl solution, the use of polymeric corrosion 
inhibitors has been dominated by conducting polymer and very little attention has been 
given to metal chelating polymeric species. 
Chelating organic compounds are characterized by their ability to absorb on the 
metal. Flat organic molecules containing nitrogen atoms with free electron pairs and 
electron rich rings act as good corrosion inhibitors. Electron density is positively related 
to inhibitory activity: unsaturated bonds favor electronic bonding with the unoccupied d 
orbital of the metal substrate. The possibility of the introduction in these molecules of 
other heteroatoms and groups confer increased inhibition characteristics. 
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These compounds act mostly as anodic inhibitors; they are chemisorbed onto iron 
surface by strong electronic interaction and formation of Fe-N coordination bonds, 
forming protective films which inhibit the anodic dissolution of iron. The inhibition 
effect of these molecules increases with increasing inhibitor concentration. 
The corrosion inhibition afforded by epoxy coatings results from a chemical sorption of 
the amine component and the formation of organo-metallic complexes acting as corrosion 
inhibitors. 
Polyaniline and amine-quinone polymers have a number of features which may 
account for their excellent corrosion inhibition. They are large flat molecules with 
multiple rings, amine groups and heteroatoms atoms with free electron pairs which is 
characteristic of many corrosion inhibitors. 
The doped form of polyaniline is capable of taking part in the oxidation-reduction 
reaction occurring at the steel interface. These reactions result in the formation of a Fe-
Polyaniline complex at the metal-polymer interface which acts as a corrosion inhibitor. 





The polymers we have designed are composed of two types of functional units: an 
organophile group which can be incorporated in the epoxy coating network and a 
metallophile unit which has a specific affinity for the steel surface. In this chapter we 
describe the choice, synthesis and characterization of the monomers. Analytical 
techniques are described in appendix 1. 
3.1. Organophile monomers 
The organophile monomer contains a group which can blend in the epoxy coating 
network. We have investigated monomers with a structural similarity to the epoxy 
component, so it would easily be incorporated. 
3.1.1. Monomers from p-cumylphenol 
By far the most important group among the epoxy resins is formed by the aromatic 
glycidyl ether of bisphenol-A (DGEBA), manufactured from epichlohydrin and bisphenol 
A. To introduce the bisphenol A pattern into a vinyl monomer, we have worked with p-
cumylphenol (Figure 3-1). 
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V . \ 
Diglycidyl ether of bisphenol-A (DGEBA) p-cumylphenol 
Figure 3-1: Molecular structure of DGEBA and p-cumylphenol 
3.1.1.1. P-cumylphenyl methacrylate (4-CPM) 
(oj leu. x , 
Figure 3-2: Structure of p-cumylphenyl methacrylate 
P-cumylphenyl methacrylate (Figure 3-2) has been synthesized from the reaction of 
71 7"? T\ 
methacryloyl chloride with p-cumylphenol. ' ' Copolymerized, it has been shown to 
increase the Tg of acrylic polymers,71'73 and it has been used to imprint absorbent to 
79 
selectively retain bisphenol A over phenol. 
Synthesis 
It is known that esters and amides can be prepared by reacting an amine or alcohol 
with an acid chloride in the presence of an acid absorbing agent which may be an 
inorganic salt such as sodium carbonate or an organic tertiary amine such as 
triethylamine. The acid absorbing agent is added in an amount sufficient to neutralize the 
acid formed from the reaction between the aromatic amine and acid chloride, thus driving 
the reaction in the direction of amide formation. 
Inorganic salts are often chosen as the acid absorbing agent. However, it has been 
shown that reaction rates, yields and/or purities can be improved by the presence of a 
catalytic amount of a strongly basic tertiary amine. A strong tertiary amine base can 
therefore be used as both neutralizing agent and catalyst. 
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For the reaction of 4-cumylphenol with methacryloyl chloride, we have first tried 
potassium carbonate (K2CO3) as acid absorbing agent and the reaction did not occur. 
4-vinylpyridine (pKa=5.21), a tertiary amine was able to catalyze the reaction and trap 
the released acid. It can be interesting to use 4-vinylpyridine, if it is employed as a 
reactant in a following copolymerization step, to minimize impurities. 
Triethylamine (TEA, pKa=10.7) was our preferred choice: it is commonly used in the 
literature and is easily removed by evaporation when present in excess. 
\ / ° \ / 
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Figure 3-3: Condensation of 4-cumylphenol with methacryloyl chloride. 
P-cumylphenol methacrylate was synthesized as follows (Figure 3-3): p-
cumylphenol and a 1.05 molar equivalent of TEA were dissolved in dry toluene, an 
aprotic solvent, and the solution was cooled to 0-5 °C. 1.05 mol of methacryloyl chloride 
per mol of alcohol was added dropwise with constant stirring. Efficient stirring is 
necessary, since the mixture thickens during the reaction (salt formation). After the 
addition, the suspension was stirred at room temperature for 24 h. The salt precipitated 
out and was filtered off. The monomer was obtained by distillation of the solvent, 
unreacted TEA and methacryloyl chloride under low pressure to yield an oily yellow 
liquid. 
Characterization 
We can follow the synthesis of p-cumylphenol methacrylate by FTIR (Figure 3-4). 
The FTIR traces clearly show the disappearance of the alcohol absorption at 3300 cm"1 
and the appearance of the carbonyl peak at 1735 cm"1. 
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Figure 3-4: FTIR traces of Cumylphenol andp-cumylphenyl methacrylate 
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Figure 3-5: NMR spectrum of p-cumylphenyl methacrylate 
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The NMR spectrum (Figure 3-5) shows some unreacted p-cumylphenol. The purity 
of the product is 74%. There are also some toluene (2.36 ppm and 7.25 ppm ) and 
chloroform (7.26 ppm) impurities. 
Polymerization 
P-cumylphenyl methacrylate was readily polymerized in toluene initiated by 
benzoyl peroxide (BPO). The monomer (10 g) is dissolved in 30 mL toluene, passed 
through activated alumina to remove the polymerization inhibitor and degassed by 
bubbling argon into the mixture for 20 minutes. 0.3 g of BPO initiator was added to the 
mixture and the reaction was carried out at 80°C for 20 hours under argon. The obtained 
polymer was precipitated in ethanol. Poly 4-CPM was characterized by GPC (Mw = 
179924, PI = 8), NMR (Figure 3-7) and by DSC (Tg = 106 °C) (Figure 3-6). The Tg 






* -0 10 
- o . i : 
-50 0 50 100 150 200 
Exo Up Temperature < C) 
Figure 3-6: DSC trace of poly(4-CPM) 
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Figure 3-7: NMR spectrum ofpoly(4-CPM) 
The NMR spectrum (Figure 3-7) shows a broadening of the peaks of the monomer 
(aromatic protons at 6.9-7.2 ppm, methyl and ethyl protons at 1.2-2.6 ppm) and the total 
disappearance of the vinyl protons (5.7 and 6.3 ppm) following polymerization. The 
impurities are ethanol (1.24 and 3.72 ppm) and chloroform (7.25 ppm). 
3.1.1.2. l,3-dicumylphenoxy-2-propanyl methacrylate (DCPPM) 
To enable the polymer to better entangle with the epoxy resin, we have investigated 
this monomer: l,3-dicumylphenoxy-2-propanyl methacrylate (Figure 3-8) which has a 
larger side group. 
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Figure 3-8: Structure ofl,3-dicumylphenoxy-2-propanylmethacrylate 
DCPPM was prepared in two steps. First l,3-dicumylphenoxy-2-propanol was 
synthesized. The synthesis of l,3-dicumylphenoxy-2-propanol is inspired by the 
synthesis of diglycidyl ether of bisphenol-A (DGEBA). 
DGEBA is prepared by reacting high-purity bisphenol A with epichlorohydrin 
(Figure 3-9). The molecular weight of the resin is determined by the mixing ratio of the 
reactants. 
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Bisphenol A Epichlorohydrin Diglycidyl ether of bisphenol-A (DGEBA) 
Figure 3-9: Synthesis of diglycidyl ether of bisphenol-A (DGEBA) 
The reaction requires base-catalyzed condensation. The catalyst may be added as 
either a concentrated aqueous solution of sodium hydroxide, potassium hydroxide or a 
quaternary ammonium hydroxide. 
Synthesis 
The l,3-dicumylphenoxy-2-propanol was synthesized from 4-cumylphenol (4-CP) 
and epichlorohydrin, with a stoichiometry of 2 to 1 in aqueous NaOH as pictured on 
Figure 3-10. 4-CP (25.4g) was dissolved in aqueous NaOH (3g in 60mL), and heated to 
80°C. 4-CP fully dissolves when heated. Epichlorohydrin (5.5 mL) was added and the 
reaction was carried out for 10 hours. The l,3-dicumylphenoxy-2-propanol is a green 
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milky viscous product that phase separates from the aqueous phase. Water was removed 
by decantation and further on with molecular sieves after dissolution in toluene. 1,3-
dicumylphenoxy-2-propanol was reacted with methacryloyl chloride in the presence of 
triethylamine (TEA) following the same reaction procedure as described previously. 
o T:II * „-vA - ^ VJ i j a* t 
" " ' j " 
p-cumylphenol Epichlorohydrin l,3-dicumylphenoxy-2-propanol 
V 
+ A, ^^ * ^ -c 
1,3-dicumylphenoxy-2-propanol Methacryloyl 1,3-dicumylphenoxy-2-propanyl 
chloride methacrylate (DCPPM) 
Figure 3-10: Synthesis of l,3-dicumylphenoxy-2-propanol and 1,3-dicumylphenoxy-2-
propanyl methacrylate (DCPPM). 
Characterization 
l,3-dicumylphenoxy-2-propanol and l,3-dicumylphenoxy-2-propanyl methacrylate 
were characterized by NMR and FTIR. 
The FTIR spectrum (Figure 3-11) shows clearly the evolution from p-cumylphenol to 








ii ! \m 
4000 3800 3600 3400 3200 3000 2800 2600 2400 2200 2000 1800 1800 1400 1200 1DO0 800 600 











\ /r°^™*™?-\ // 
a •-, n 











J • i . . . 





 [ it.. 
U,J ^ J 
O «* 
-T'- '--""-r T —'~"T r
 1 •• T -
1 o 
Figure 3-12: NMR spectrum of l,3-dicumylphenoxy-2-propanol 
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On the NMR spectrum of l,3-dicumylphenoxy-2-propanol (Figure 3-12) we can see 
next to the large aromatic peaks smaller ones corresponding to unreacted 4-CP. The 
purity of the product is 93%. 
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Figure 3-13: NMR spectrum ofDCPPM 
The NMR spectrum of l,3-dicumylphenoxy-2-propanyl methacrylate (DCPPM) is 
shown on Figure 3-13. The purity of the product is 62%. 
Polymerization 
DCPPM was dissolved in toluene and passed through an activated alumina column 
to remove polymerization inhibitors. The monomer was successfully polymerized under 
argon with AIBN at 80°C for 24 hours. The polymer was precipitated in cold ethanol. 
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The molecular weight (Mn) obtained by GPC is 8653 g/mol with a polydispersity 
index (PI) of 2. On the NMR spectrum we can calculate a DPn of (3.33/4)/(0.07)=12 
from the non- reacted vinyl protons, which corresponds to a Mn of (12x549.74)=6596 
g/mol. The repeating units being very large, the GPC overestimates slightly the molecular 
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Figure 3-14: NMR spectrum of poly (1,3-dicumylphenoxy-2-propanyl methacrylate) 
(poly(DCPPM)) 
Poly(DCPPM) has a Tg of 45°C (Figure 3-15). We notice that poly(DCPPM) has a 
lower Tg than poly(4-CPM). The Tg is related to how easily the polymer chains can 
move. Poly (DCPPM) has larger more flexible side groups than poly(4-CPM) and 
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Figure 3-15: DSC spectrum ofpoly(DCPPM) 
3.1.2. Glycidyl methacrylate. 
Glycidyl methacrylate (Figure 3-16) is a reactive ester monomer; it is used for the 
preparation of other monomers and permits the introduction of reactive sites into 
polymers.73 Glycidyl methacrylate reacts with carboxyl, hydroxyl, and amine groups.74 
O 
Figure 3-16: Structure of Glycidyl methacrylate 
Aminoacrylates resulting from the reactions of amines with epoxide groups of 
glycidyl compounds have hydroxyetheramine groups which enhance adhesion of the 
obtained adducts to glass and metals and are responsible for interactions between 
molecules.75 Basic substances like soda, sodium methacrylate, or tertiary amines act as 
etherification catalysts. 
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Glycidyl methacrylate can be used by itself. Introduced in the polymer it creates a 
reactive site that will covalently bind with the epoxy resin. Glycidyl methacrylate was 
polymerized in toluene with 3% AIBN for 10 hours at 80°C under an argon inert 
atmosphere. Poly(glycidyl methacrylate) was obtained with a Mn = 7711g/mol, PI=1.9 
andaTgof68°C. 
3.1.2.1. Glycidyl methacrylate reacted with a secondary diamine and diglycidyl 
ether bisphenol A 
Monomers with even closer similarities to the epoxy resin have been designed. 
These include as a monomer made from a secondary diamine (piperazine), DGEBA 
(diglycidyl ether bisphenol A) and glycidyl methacrylate carrying the vinyl functionality 
(Figure 3-17). 
Glycidyl Methacrylate Piperazine DGEBA 
THFr RTr 20 h 
OH 
Figure 3-17: Reaction of Glycidyl methacrylate with piperazine and DGEBA 
After mixing the 3 components in a 1:2:1 ratio in THF at room temperature (RT) 
with TEA as catalyst for 20 hours, the GPC data (Figure 3-18) show that we have several 
different molecular weights corresponding to the non reacted starting materials and 
several different combinations of the three components at 539 g/mol, 895 g/mol and 1535 
g/mol. 
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Upon storage, the mixture kept reacting and crosslinked; the epoxy group reacts 
with the hydroxyl group formed by the ring opening on the amine. And even if used just 
after its synthesis, polymerization with AIBN leads to a crosslinked gel; two glycidyl 
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Figure 3-18: GPC chromatogram of the condensation product ofGMA with piperazine 
andDGEBA 
3.1.2.2. Glycidyl methacrylate with p-cumylphenol 
Glycidyl methacrylate 4-cumylphenol OH 
Figure 3-19: Reaction of glycidyl methacrylate with p-cumylphenol 
We have investigated the synthesis of a monomer from the ring opening of glycidyl 
methacrylate (GMA) onto 4-CP (Figure 3-19). The reaction was carried in THF at 60°C, 
catalysed by a tertiary amine. Glycidyl methacrylate (3.53 g, 0.025 mol), 4-cumylphenol 
(5.27 g, 0.025 mol) and 0.5 mL triethylamine were dissolved in THF and heated to 60°C 
66 
for 5 hours. The epoxy-ring successfully opened on the alcohol: the NMR spectrum 
(Figure 3-20) shows a shift from the protons in the epoxy ring (2.6 - 2.9 ppm) to higher 
values (4 ppm and above) proving that the ring has reacted with the alcohol. 
OH 
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Figure 3-20: NMR spectrum of the product obtained by reaction ofglycidyl methacrylate 
with p-cumylphenol. (7.25ppm: chloroform, 1.85 and 3.75ppm: THF) 
The 4-CP functionalized glycidyl methacrylate monomer crosslinked upon 
polymerization. Glycidyl methacrylate might have also reacted with the hydroxyl formed 
as a result of the ring opening, therefore creating a crosslinker (Figure 3-21). 
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Figure 3-21: Crosslinker molecule from multiple ring opening onto 4-cumylphenol 
The NMR spectrum (Figure 3-20) also supports this supposition; in the 4-5 ppm 
region, there are multiple peaks which might result from ring openings at different 
location on the molecule. 
3.1.2.3. Functionalisation of poly(glycidyl methacrylate) 
We have tried to functionalize poly(GMA) with different amines and alcohols 
(BTA, 4-cumylphenol, dihydroxybenzaldehyde benzoylhydrazone). In the absence of 
catalyst, nothing happened and in the presence of TEA the reaction lead to a crosslinked 
gel. Crosslinked products were obtained due to a side reaction of epoxides with 
secondary hydroxyl groups: TEA also catalyses the ring opening of GMA onto the 
alcohol deriving from the ring opening of GMA. 
3.2. Monomer with Steel Chelating functionality 
The metallophilic unit of our copolymers will be constituted by a segment which 
has a specific affinity for the steel surface. This fragment must form very stable 
complexes with iron and also with iron oxides and hydroxides to form an insoluble 
protective layer as the surface gets oxidized. 
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3.2.1. Monomers inspired by pyridoxal isonicotinoyl hydrazone (PIH) 
Interest in the study of hydrazones has been growing due to their ability to form 
metal chelates.77 Hydrazones can coordinate to transition metals either in the enolic form 
(I) or in the keto form (II) as shown in Figure 3-22. 
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Figure 3-22: Structures ofenol (I) and keto (II) forms of hydrazone complexes 
Several hydrazones (Figure 3-23) have biological iron chelating activities. 
Pyridoxal isonicotinoyl hydrazone (PIH), a tridentate ligand, is highly selective towards 
Fe(III) ions over other metal ions, 2-pyridylcarboxaldehyde isonicotinoyl hydrazone 
(PCIH) and its analogues are extremely efficient at mobilizing Fe, and PCTH shows 
great Fe chelation efficacy.78 
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Figure 3-23: Biological iron chelating hydrazones 
The chelators are synthesized by Schiff base condensation between appropriate 
aldehydes and acid hydrazides, using standard procedures.79 
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3.2.1.1. Salicylaldehyde benzoylhydrazone methacrylate 
•JyKJ CC" ° 
OH ° %^° 
Salicylaldehyde benzoylhydrazone Salicylaldehyde benzoylhydrazone methacrylate 
Figure 3-24: Structure of Salicylaldehyde benzoylhydrazone and Salicylaldehyde 
benzoylhydrazone methacrylate 
Salicylaldehyde benzoylhydrazone (Figure 3-24) is a known iron-chelating agent: 
the hydroxyl of the phenol, the nitrogen of azomethine and the carbonyl of 
benzoylhydrazine form a coordination bond with metallic cation.80 Salicylaldehyde 
benzoylhydrazone can be reacted with methacryloyl chloride to form a vinyl monomer 
salicylaldehyde benzoylhydrazone methacrylate (Figure 3-24). 
Synthesis 
Salicylaldehyde benzoylhydrazone methacrylate is synthesized from the 
condensation of methacryloyl chloride with salicylaldehyde benzoylhydrazone. 
O 
+ 
OH \ ^ Ethanol \ ^ ^ 0 H ° 
+ H,0 2*-
Salicylaldehyde Benzoylhydrazide Salicylaldehyde benzoylhydrazone 
Figure 3-25: Synthesis of salicylaldehyde benzoylhydrazone 
The hydrazone was synthesized as followed (Figure 3-25): a solution of 
salicylaldehyde (0.01 mol, 1.22g) and acetic acid (2mL) in ethanol (50 mL) was added to 
a solution of the benzoylhydrazide (0.01 mol, 1.39g) in ethanol (50 mL). The mixture 
was heated under reflux for 6 hours, concentrated, cooled and filtered to yield a white-
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yellowish powder. The hydrazone was recrystallised from ethanol, filtered and dried 
under vacuum. The product was obtained with an 80% yield. 
Salicylaldehyde benzoylhydrazone (0.004 mol, lg) was dissolved in toluene (60 
mL) and reacted with methacryloyl chloride (0.0045 mol, 0.47g) in the presence of 





Salicylaldehyde methacryloyl chloride 
benzoylhydrazone 
Salicylaldehyde benzoylhydrazone methacylate 
Figure 3-26: Synthesis of salicylaldehyde benzoylhydrazone methacrylate 
Characterization 
The products were characterized by NMR spectroscopy and MALDI-TOF mass 
spectrometry. The NMR spectrum (Figure 3-27) shows that we have obtained the 
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Figure 3-28: MALDI-TOF spectrum of salicylaldehyde hydrazone 
The calculated molecular weight of salicylaldehyde benzoylhydrazone is 240.26 
g/mol. The MALDI-TOF spectrum (Figure 3-28) shows molecular weights of 241, 243 
and 263, which correspond to the molecule. During the ionization process, cations (H+, 
Na+, K+) are attached to the molecule. The molecular weights recorded by the instrument 
are those of the molecule plus a cation. In this case, hydrogen (MW = 1 g/mol) and 
sodium (MW = 23 g/mol) cations have been attached. 
Condensation with methacryloyl chloride is also confirmed by MALDI-TOF 
(Figure 3-29). The spectrum shows molecular weights of 309 and 331 g/mol which 
corresponds to the salicylaldehyde benzoylhydrazone methacrylate (calculated molecular 
weight of MW = 308.33 g/mol). The NMR (Figure 3-30) and MALDI-TOF spectra are 
difficult to fully interpret and show many impurities which may suggest that side 
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Figure 3-30: NMR spectrum of salicylaldehyde hydrazone methacrylate 
Alternative synthesis and characterization 
To obtain a cleaner product, we have investigated an alternative route for the 
reaction (Figure 3-31) by reacting first the methacryloyl chloride with salicylaldehyde 
followed by the reaction with benzoylhydrazine in N-methylpyrrolidone (NMP). 
Salicylaldehyde (0.01 mol, 1.22g) was reacted with a slight excess of methacryloyl 
chloride (0.011 mol, 1.15 g) in the presence of triethylamine (TEA) (0.011 mol, 1.12 g) 
in 50 mL toluene at room temperature for 10 hours. The product was filtered to remove 
the salt and evaporated under reduced pressure. The product was dissolved in NMP (20 
mL) and reacted with benzoylhydrazine (0.01 mol, 1.39g) in the presence of acetic acid 
(2 mL) at 100°C for 14 hours. The solvent was distilled off at 80°C under vacuum. The 
74 
NMR spectrum shows that the intermediary product was very pure (Figure 3-32) and the 
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Figure 3-32: NMR spectrum of salicylaldehyde methacrylate 
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Figure 3-33: NMR spectrum of salicylaldehyde hydrazone methacrylate. 
UV study of the chelation 
The iron chelation of salicylaldehyde benzoylhydrazone (SBH) can be studied by 
UV-spectroscopy. SBH in methanol gives four absorption maxima at 234, 286, 297 and 
329 nm (Figure 3-34). When Fe(III) solution was added, the shape of the peaks was 
altered and their position changed to 211, 298, and 373 nm. The evolution of the UV-
trace indicates that the Fe(II)-SBH complexes were formed during the addition of Fe(III). 
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Figure 3-34: Evolution ofUV-vis absorbtion trace ofSBHin the presence ofFe(III) 
Salicylaldehyde benzoylhydrazone methacrylate (SBHM) in methanol gives 
different maxima of absorption than SBH at 219 and 294 nm (Figure 3-35). When Fe(III) 
solution was added, two new peaks appeared at 240, and 362 nm. Fe(III)-SHBM 
complexes were also formed during the addition of Fe(III). The differences in the 
spectrum indicate that SBHM binds iron differently than SHB. The chelation site has 
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Figure 3-35: Evolution ofUV-vis absorbtion spectrum of SBH in the presence ofFe(III) 
between 200 and 500 nm 
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3.2.1.2. Synthesis of 2, 4-dihydroxybenzaldehyde benzoylhydrazone methacrylate 
In the case of salicylaldehyde benzoylhydrazone methacrylate the chelation site has 
been slightly modified through the alcohol group functionalization. To keep the chelation 
site similar to the one in salicylaldehyde benzoylhydrazone, we have worked with 2, 4-
dihydroxybenzaldehyde instead of salicylaldehyde. 
HO' ^ ^OH 0 * ~ * 0 
1,4-dihydroxybenzaldehyde benzoylhydrazone Dihydroxybenzaldehyde benzoylhydrazone methacrylate 
Figure 3-36: Structure of dihydroxybenzaldehyde benzoylhydrazone and dihydroxy-
benzaldehyde benzoylhydrazone methacrylate 
The condensation of dihydroxybenzaldehyde with benzoylhydrazine was performed 
using the same reaction procedure as previously described for salicylaldehyde. 2,4-
dihydroxybenzaldehyde (1.38g, 0.01 mol) and benzoylhydrazine (1.39 g, 0.01 mol) were 
dissolved in 50 mL ethanol with 2 mL of acetic acid and heated to reflux for 20 hours. 
The product was recovered by evaporation and purified by recrystallization from ethanol. 
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Figure 3-37: NMR spectrum of 2,4-dihydroxybenzaldehyde benzoylhydrazone 
2,4-dihydroxybenzaldehyde benzoylhydrazone (2.33 g, 9.0 mmol) was reacted with 
methacryloyl chloride (lg, 9.6 mmol) in the presence of TEA (lg, 9.9 mmol). The NMR 
spectrum (Figure 3-38) shows that methacryloyl chloride condenses preferentially on the 
more accessible hydroxyl group (the NMR spectrum shows a decrease in the peak at 10 
ppm) but also on the other hydroxyl group which is part of the chelating site. 
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Figure 3-38: NMR spectrum of dihydroxybenzaldehyde benzoylhydrazone methacrylate 
3.2.2. Monomer with benzotriazole (BTAH) 
Benzotriazole has proven to be an efficient corrosion inhibitor. The incorporation of 
the benzotriazole functionality in the polymer requires the synthesis of benzotriazole 
compounds that have polymerizable unsaturated groups. 
Katritzky and coworker have reported a one-pot procedure (Figure 3-39) for the 
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Figure 3-39: Synthesis of N-methacryloylbenzotriazole 
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Srikanth and coworkers synthesized N-methacryloyloxymethyl benzotriazole 
(Figure 3-40) by reacting N-hydroxymethyl benzotriazole with methacryloyl chloride. 
H,C 
\J 
Figure 3-40: Structure of N-methacryloyloxymethyl benzotriazole 
lH-Benzotriazole-5-carboxylic acid (Figure 3-41) appears to be an attractive 
compound to work with in order to introduce the benzotriazole functionality in the 
polymer. 
HOOC. 
Figure 3-41: lH-Benzotriazole-5-carboxylic acid 
However, lH-benzotriazole-5-carboxylic is only soluble in very polar solvents such 
as alcohols, NMP, DMF and DMSO. These solvents will react in the presence of acid 
catalysis. Therefore lH-benzotriazole-5-carboxylic cannot be esterified with an acrylic 
monomer bearing a hydroxyl group such as hydroxyethyl methacrylate (Figure 3-41). 
O 
H 2 C ^ X ^ .OH 
CH3 
Figure 3-42: Hydroxyethyl methacrylate (HEMA) 
To work with benzotriazole-5-carboxylic acid, Song and coworker introduced a 
hydroxyl functionality to benzotriazole-5-carboxylic acid by reacting it with the amine of 
'3 
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4-amino phenol in NMP using triphenyl phosphite and pyridine as condensing agent. The 
hydroxyl group then easily reacts with acryloyl chloride (Figure 3-43). 
HO—C V—NH? * lL ^< N + i rm—f '%—NU ,~ 
A=/ ^ Y
 coc, coo-V^A" N^y-;, 
4-aminopehrtol CBTA H 
Figure 3-43: Reaction of benzotriazole-5-carboxylic acid, 4-amino phenol and acryloyl 
chloride 
Katritzky and coworkers have substituted the carboxylic group for a more reactive 
chloromethyl group (Figure 3-44) 84 
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Figure 3-44: Activation of benzotriazole-5-carboxylic acid. 
If the amine group in the BTAH is left unreacted, it will react with the epoxy group 
of the coating and will not create an independent layer on the steel surface. Therefore we 
have chosen to functionalize the amine group. 
3.2.2.1. Benzotriazole methacrylate 
Figure 3-45: Structure of benzotriazole methacrylate 
Benzotriazole methacrylate (Figure 3-45) was synthesized from the condensation of 
benzotriazole with methacryloyl chloride (Figure 3-46). 
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Synthesis 
(X>+ X — CO + HC| 
Figure 3-46: Synthesis of benzotriazole methacrylate 
Benzotriazole (0.01 mol, 1.19 g) was dissolved with triethylamine (0.011 mol, 1.11 
g) in dry toluene and the solution was cooled to 0-5 °C. Methacryloyl chloride (0.011 
mol, 1.15 g) was added dropwise with constant stirring. After the addition, the mixture 
was reacted at room temperature for 15 h. The salt precipitated out and was filtered off. 
The monomer was recovered by distillation of the solvent, unreacted TEA and 
methacryloyl chloride under low pressure to yield an oily yellow liquid. 
Characterization 
The NMR spectrum (Figure 3-47) shows that we have successfully synthesized 
benzotriazole methacrylate (BTAM) with a purity of 84%. 
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Figure 3-47: NMR spectrum ofbenzotriazole methacrylate 
Polymerization 
BTAM was polymerized in toluene with 0.3 wt% AIBN at 80°C for 15 hours. The 
obtained polymer was characterized by GPC: Mn = 3945g/mol and PI = 1.6. 
Functionalization of polyfmethacryloyl chloride) 
We also investigated the functionalization of poly(methacryloyl chloride) with 
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Figure 3-48: Functionalization ofpoly(methacryloyl chloride) with benzotriazole 
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Methacryloyl chloride was successfully polymerized in Toluene with 0.02 wt% 
AIBN at 90°C for 14 hours (Mn=2560g/mol, PI=1.65) and functionalized with an excess 
of BTAH (2 equivalents) in toluene in the presence of TEA (2 equivalents) at room 
temperature for 20 hours. The polymer poly(benzotriazole methacrylate) was precipitated 
in cold ethanol and analyzed by GPC: Mn=3523g/mol, PI=1.5. 
3.2.2.2. Monomer obtained from the ring opening reaction of glycidyl methacrylate 
on the amine group of benzotriazole 
We also synthesized a monomer from the ring opening of glycidyl methacrylate 
onto benzotriazole with TEA as catalyst. Benzotriazole (1 g, 8.4 mmol) was reacted with 
glycidyl methacrylate (1.2 g, 8.4 mmol) and TEA (0.1 mL) in THF (10 mL) at 80°C for 5 
hours. But as we had seen previously with 4-CP, the NMR spectrum (Figure 3-49) shows 
that we have obtained a mixture of products from side reactions and that the monomer 
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Figure 3-49: NMR spectrum of the product obtained by ring opening ofglycidyl 
methacrylate onto benzotriazole. 
3.2.3. 2-(acetoacetoxy)ethyl methacrylate (AEMA) 
On3 O O O 
H?C = C C—0-^CH?)?—O—C—CH?—C—CH, 
Figure 3-50: Structure of 2-(acetoacetoxy)ethyl methacrylate 
2-(acetoacetoxy)ethyl methacrylate (AEMA) (Figure 3-50) readily polymerizes 
with other acrylic and methacrylic monomers and has been shown to reduce corrosion 
when incorporated in polyvinyl acetate coatings and to enhance the adhesion to metal 
substrates.85'86 
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Homopolymers and block copolymers based on 2-(acetoacetoxy)ethyl methacrylate are 
capable of strongly coordinating to metals and metal ions. 
AEMA is commercial and can be used in the metal chelating block of our polymer, and it 
can also be reacted with a primary amine to offer a new monomer alternative.88 
3.2.3.1. Monomer obtained from the reaction of 2-(acetoacetoxy)ethyl methacrylate 
with 2-aminophenol (AP-AEMA) 
We have studied the potential to create other iron chelating monomers using 
AEMA. The reaction of AEMA with 2-aminophenol offers an interesting chelating site 
which combines oxygen and nitrogen atoms (Figure 3-51). 
Figure 3-51: Structure of 2-(acetoacetoxy)ethyl methacrylate with 2-aminophenol 
Synthesis and characterization 
Aminophenol (O.Olmol, 1.09g) and AEMA (O.Olmol, 2.14g) were dissolved in 
Ethanol (10 mL) with 1 ml acetic acid. The reaction is pictured in Figure 3-52. The 
mixture was heated at 80°C for 15 hours. After completion of the reaction, ethanol was 
evaporated under reduced pressure. The NMR spectrum (Figure 3-53) shows that we 
have successfully reacted 2-(acetoacetoxy)ethyl methacrylate with 2-aminophenol and 
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Figure 3-53: NMR spectrum of 2-(acetoacetoxy)ethyl methacrylate with 2 aminophenol 
Polymerization 
The monomer was polymerized in THF with 2 wt% AIBN as initiator at 80°C for 
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Figure 3-54: GPC Chromatogram of Poly(AEMA+ 2-Aminophenol) 
3.2.4. Conducting macromonomer from poly(3'-Aminoacetophenone) 
The potential of conducting polymers for corrosion protection is a topic of current 
interest. A number of studies has shown that conducting polymer primers combined with 
conventional topcoats provide better corrosion protection than topcoat only (such as 
epoxy and polyurethane resins) and than some primer-topcoats systems containing 
inorganic corrosion inhibitors in the primer (such as zinc). 
Figure 3-55: Structure of poly (3 '-aminoacetophenone) 
The polymer of 3'-Aminoacetophenone (Figure 3-55), is highly conjugated; it also 
has a structure similar to porphyrin, well known to chelate metals such as iron in the 
heme group. The nitrogen of azomethine, the planarity of the molecule and the electron 
rich phenyl groups within the structure of this polymer should offer a strong interaction 
with iron and provide corrosion inhibition. 
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3.2.4.1. Synthesis 
Poly(3'-aminoacetophenone) (poly(3'-AAP)) was synthesized by polycondensation 
of 3'-aminoacetophenone (Figure 3-56) with acid catalysis (para-toluenesulfonic acid -
PTSA). 
/ ^ H2N 
n+1 | l • 
o 
Figure 3-56: Polymerization of 3 '-Aminoacetophenone 
To push the reaction towards the formation of the polymer, the water has to be 
withdrawn from the reaction mixture. A Dean-Stark distilling trap was used in 
combination with a reflux condenser for continuous removal of the water that is produced 
during the reaction. 
3'-AAP (0.1 mol, 13.5g) and PTSA (0.4 mmol, 75mg) in lOOmL toluene were 
mixed together and heated to 60°C for complete dissolution. The reaction was carried out 
at reflux: 80°C under reduced pressure (80 psi), for 20 hours. After completion of the 
reaction, the solvent was removed by evaporation under reduced pressure. 
Poly(3'-Aminoacetophenone) was reacted with methacryloyl chloride to produce a 
vinyl macromonomer (Figure 3-57). Poly(3'-aminoacetophenone) (7.5 mmol, 5g) and 
triethylamine (13.3 mmol, 1.35 g) were dissolved in toluene and cooled to 0°C. An excess 
methacryloyl chloride (13.3 mmol, 1.4 g) was slowly added, and the mixture was left to 
react for 15 hours. The salt was filtered off and the solvent was evaporated under reduced 





Figure 3-57: Functionalisation of of poly (3 '-Aminoacetophenone)with methacryloyl 
chloride 
3.2.4.2. Characterization 
Poly(3'-aminoacetophenone) was obtained with a low molecular weight (Mn=666 
g/mol) and a polydispersity of 2.2. The GPC chromatogram shows multiple peaks 
corresponding to dimers, trimers, quadrimers, etc. Upon the functionalization with 
methacryloyl chloride; we clearly see a shift in molecular weights (Figure 3-58). 
Poly(3'-aminoacetophenone) can be used as a coating primer, protecting the steel 
from being corroded and its remaining NH2 end-group will react with the epoxy topcoat 
to enable good cohesion of the coating. 
poly(3 '-Aminoacetophenone) poly(3 '-Aminoacetophenone) 
macromonomer 
Figure 3-58: GPC Chromatograms ofpoly(3 '-Aminoacetophenone) andpoly(3 '-
Aminoacetophenone) macromonomer 
91 
Unfortunately, the macromonomer would not polymerize under standard conditions 
(AIBN, 80°C in toluene) even with a co-monomer like styrene. The high level of 
conjugation of the monomer stabilizes the radical and prevents polymerization from 
occurring. 
3.2.5. Complexation of iron by the iron chelating monomers 
To show the interaction of our iron chelating compounds with iron ions, we have 
mixed together iron (II) chloride and iron (III) chloride with the different iron chelating 
species and we have observed a color change as the result of complexation (Figure 3-59). 
Glycidyl metyhacrylate (our reference compound) does not show any color change, 
whereas all the other metal chelating compounds show more or less noticeable color 




Figure 3-59: Complexation of the different iron chelating monomer with ferrous and 
ferric ions 
We were not able to notice any color change for benzotriazole methacrylate and 
poly(3'-Aminoacetophenone), as the compounds are already very strongly colored, dark 
red and black respectively. 
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3.3. Organophile-metallophile random copolymerizations 
Before investigating controlled free radical polymerization, we have studied 
random copolymerization between an organophile and a metallophile monomer. 
The monomers were made inhibitor free by passing through an activated alumina 
column.The two monomers were reacted together in toluene with AIBN as initiator at 
80°C for 24 hours. The resulting polymers were dissolved in THF and precipitated in 
Ethanol. These polymers were characterized by NMR, GPC and DSC. 4-vinylpyridine 
and 4-aminostyrene are known metallophile monomers. 
3.3.1. 4-vinylpyridine and 4-cumylphenyl methacrylate copolymers 
4-vinylpyridine (4-VP) and 4-cumylphenyl methacrylate (4-CPM) have been 
copolymerized in different ratios (Figure 3-60). The composition and results are detailed 
in Table 3-1. 
4-vinylpyridine (4-VP) 4-cumylphenyl methacrylate (4-CPM) 






































131.50 (Th : 
140) 
Table 3-1: Properties of copolymers from 4-vinylpyridine and 4-cumylphenyl 
methacrylate 
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As the amount of 4-VP increases, the polymer becomes difficult to dissolve and to 
precipitate in ethanol due to increased hydrophilicity and the tendency of 4-VP to 
crosslink. The GPC results show a decrease in the molecular weight of the soluble 
fraction with an increase in the 4-VP ratio. The DSC experiments (Figure 3-61) show an 
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Figure 3-61: DSC traces of copolymers from 4-vinylpyridine and 4-cumylphenyl 
methacrylate. 
3.3.2. Other Organophile-metallophile combinations 
We have polymerized together several organophile and metallophile monomers 
(Table 3-2). We were able to lower the copolymers Tg by the addition of n-butylacrylate 

















































Table 3-2: Organophile-metallophile copolymer 
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3.4. Summary 
We have investigated several monomers which can be used in the organophile or 
metallophile part of the copolymer. The different monomers investigated, the number of 
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Yes (Tg= 106°C) 
Yes (Tg = 45°C) 




Yes (Tg = -3°C) 
Yes 
Yes: but only oligomers 
No 
Table 3-3: Summary of the monomers synthesized, the number of steps for their synthesis 
and their ability to polymerize 
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Vinyl monomers made from the ring opening of glycidyl methacrylate have all lead 
to crosslinked polymer. But glycidyl methacrylate used, as is, in the copolymer will react 
with the epoxy coating and therefore strongly bind the coating to the copolymer. The 
reaction of methacryloyl chloride with a chosen compound bearing an alcohol or amine 
group is an efficient way to get useful methacrylic monomers. 
We successfully synthesized some random metallophile-organophile polymers 
using the aforementioned monomers and were able to tailor their thermal properties by 
using a co-monomer with a low Tg. 
96 
CHAPTER IV 
CONTROLLED FREE RADICAL POLYMERIZATIONS 
Block copolymers are most likely to yield better adhesion properties between iron 
(steel) and the epoxy coating. Block copolymers that have the metal chelating and 
coating-like chemical functionalities present in blocks, rather than randomly distributed 
along the backbone, can perform both function, passivation of the metal surface and 
compatibility with the resin, more efficiently than their random copolymer counterparts. 
Each block is not impeded or diluted by the presence of the other functional group. 
The development of polymers, having specific properties requires being able to 
control variables such as molecular weight, architecture, and chemical functional groups. 
Amongst the different polymerization techniques, conventional free radical 
polymerization is used in numerous industrial processes, being a relatively easy technique 
to implement, compared to ionic polymerization which requires very high purity 
reactants. By conventional radical polymerization, the resulting polymers have 
uncontrolled polymer architecture and broad polydispersities. Free radical initiators have 
relatively long half lives and thus the polymeric chains are not all initiated at the same 
time and chains of various lengths are growing simultaneously. The propagating chains in 
a free radical process can react with each other in processes known as combination and 
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disproportionation, both of which are irreversible chain-terminating reaction processes. In 
doing so, chains of varying lengths are terminated at different times during the reaction 
process, resulting in polymeric chains very different in length. 
Over recent years, research on radical polymerization has focused on finding ways 
to initiate the growth of the chains at about the same time and to minimize the 
termination process, all the while maintaining the versatility of free radical 
polymerization. The techniques devised for this purpose have been called controlled free 
radical polymerization.90 
The development of controlled radical polymerization methods has greatly 
expanded the range of polymers with controlled molecular weights and low 
polydispersity indices. 
The control of the polymerization afforded by those techniques is based on two 
principles. First, initiation should be fast, providing a constant concentration of growing 
polymer chains. Second, due to the persistent radical effect, the majority of these growing 
polymer chains are dormant species that continue to preserve the ability to grow because 
a dynamic equilibrium between dormant species and growing radicals is established. By 
keeping the concentration of active species or propagating radicals sufficiently low 
throughout the polymerization, termination is practically suppressed. 
The concentration of propagating radicals is kept low by utilizing a reversible 
capping of the chain end. At low radical concentration, unwanted side reactions, such as 
radical-radical coupling, are suppressed. This low concentration of active radicals is 
maintained by a reversible exchange between the growing radicals and dormant species 
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(Figure 4-1). Reactivation of the dormant species allows for the polymer chains to grow 
again, only to be deactivated later. 
activalion 
P J W U W X «n *v: p J V W W * 
desactivation . 
( +M ) 
Figure 4-1: Activation/deactivation equilibrium in controlled free radical polymerization 
The result is that the polymer chains grow at a more constant rate than seen in 
traditional chain polymerization and their lengths remain very similar (low polydispersity 
index). Controlled polymerization is a popular method for synthesizing block copolymers 
since the polymer can be synthesized in stages, each stage containing a different 
monomer. Additional advantages are predetermined molar mass and control over end-
groups. 
In this chapter, we explore the most widely used controlled free radical 
polymerization techniques such as, nitroxide-mediated polymerization (NMP),91 atom 
transfer radical polymerization (ATRP), and reversible addition fragmentation chain 
transfer (RAFT) polymerization that have made it possible to polymerize chains of a 
specific length, composition and architecture. 
4.1. Atom Transfer Radical Polymerization - ATRP 
4.1.1. Presentation 
We first investigated the synthesis of our molecular adhesives by atom transfer 
radical polymerization (ATRP). Developed by Matyjaszewski and coworkers, ATRP is a 
simple and inexpensive controlled polymerization system capable of polymerizing a wide 
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variety of monomers including various acrylates and methacrylates, is tolerant to trace 
impurities (water, oxygen, or inhibitor) and can be performed in many solvents. ' 
Polymer chain grown by ATRP have a well-defined end group (usually an alkyl 
halide), a controlled chain length (molecular weight) and small polydispersity, because 
under appropriate conditions the contribution of termination is small. 
The mechanism (Figure 4-2) is based on trapping radicals using an organometallic 
complex. The polymerization is carried out in the presence of an initiator, an alkyl 
halides, having a radically transferable atom or group (an ester group or an aromatic 
ring), and a catalyst, a transition metal compound that is complexed by one or more 
ligands. The transition-metal catalyst (e.g., Cu(I)/Cu(II)) activates the organic initiator or 








PnX + Mtn / L — • Pn* + X - Mtn+1 / L 
^ * ^ - X = Cl,Br 
L = Ligand 
Mt = Metal 
+ M 
Figure 4-2: Mechanism of ATRP 
The ligand is a compound containing N, O, P, or S that can coordinate to the 
transition-metal through a a-bond or a C-containing compound coordinating to the metal 
by 7r-bond. The catalyst is tolerant of water and trace amounts of oxygen. For 
Cu(I)/Cu(II) systems, the best organic ligands are polyamines.95 
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This process provides "living" or controlled radical polymerization to give 
polymers having a predetermined number average molecular weight and a narrow 
molecular weight distribution (Mw/Mn) as low as 1.15. The participation of free radical 
intermediates in ATRP is supported by end-group analysis and stereochemistry of the 
polymerization. 
The number average molecular weight Mn for ATRP is given by: 
^•monomers ^•monomers M il tut i\j 1I t e I ^ 
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' ^initiator 
Where mmonomers is the initial mass (g) of monomer, p the fractional conversion of 
monomer, njnjtiat0r the amount of initiator introduced in the reaction mixture (mol), initiator 
is the mass of initiator in grams and Minitiator is the molecular weight of the initiator 
(167g/mol for Methyl 2-bromopropionate). MUm is the number average molecular 
weight at complete conversion (p =1). 
Polymers with various topologies; graft, block, random, star, dendritic end-
functional and in-chain functional copolymers and comb copolymers of various 
molecular parameters and chemical compositions have been synthesized using the ATRP 
process.96'97'98 
4.1.2. Synthesis 
We conducted the polymerization of acrylates and methacrylates using a simple and 
efficient polymerization procedure described in the literature.99100 
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Copper(I) bromide (CuBr) complexed with the ligand N,N,N',N',N"-
pentamethyldiethylenetriamine (PMDETA) was used as ATRP catalyst (Figure 4-3), and 
Methyl 2-bromopropionate (MeBrP) was employed to initiate the polymerization. 
PMDETA complexed CuBr has been successfully used as catalytic system in the 
copper mediated atom transfer radical polymerization (ATRP) of styrene, methyl acrylate 
and methyl methacrylate. All the polymerizations were well controlled with a linear 
increase of molecular weights (Mn) with conversion and relatively low polydispersities 
throughout the reactions. 
CuBr was purified by stirring in glacial acetic acid, then filtered and washed with 
ethanol under a N2 blanket, and subsequently dried under vacuum. The PMDETA and the 
initiator Methyl 2-bromopropionate (MeBrP) were obtained from Aldrich and used as 
received. The monomers were made inhibitor free by passing through activated alumina 
column. 







° C H 3 H3C'N — N — N X H } 
Br CH3 
Methyl 2-bromopropionate A r^A ,^7VrA^"rA^"-Pentamethyldiethylenetriamine 
Figure 4-3: Molecular structure of Methyl 2-bromopropionate and N,N,N',N",N"-
Pentamethyldiethylenetriamine 
CuBr was weighed into a three neck round bottom flask equipped with a magnetic 
stirring bar and degassed with 3 vacuum/N2 cycles. The monomer, PMDETA and solvent 
(if any) were purged with N2 for 30 min and were added to the flask. The solution was 
placed in an oil bath set at the reaction temperature and stirred to dissolve the catalyst. 
The solution was light green in color and homogeneous. The initiator was syringed into 
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the monomer/catalyst solution. To insert a second block, the second monomer was added 
to the reactor in a sequential manner. 
After the polymerization, the copper compound is removed by passing a solution 
containing the product and oxidized catalyst through a column of alumina. The polymer 
solution with copper is green in color and becomes clear after purification. 
4.1.3. Preliminary study: ATRP polymerization of butyl acrylate, and methyl 
methacrylate. 
Commercial monomers which, in the literature,99'100 had been successfully reacted 
via ATRP were first polymerized to determine the optimal reaction conditions for good 
polymerization control (narrow molecular weight dispersity). N-butyl acrylate was homo-
polymerized and block copolymerized with methyl methacrylate. The experimental 
conditions and results are summarized in Table 4-1. 
The molecular weight at complete conversion Mn max calculated calculated from the 
initial monomer and initiator quantities is also reported in the table. The values for Mn 



























































































Table 4-1: Polymerization by ATRP of n-butyl acrylate and methyl methacrylate with 
different reaction conditions 
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The homopolymerization of n-butyl acrylate (BA) in bulk at 70°C through ATRP is 
well controlled. The addition of a MMA block increased the polydispersity. By lowering 
the reaction temperature to 55°C, a copolymer with a narrow polydispersity was 
obtained. 
In bulk, the mixture quickly becomes very viscous. Therefore the polymerization in 
THF was investigated and control over the polymerization was maintained. 
The conversion of the ATRP reaction of BA with MMA at 55°C was monitored by 
gravimetry. Sample were periodically withdrawn from the reaction and quenched by 
adding a minute amount of polymerization inhibitor (hydroquinone). 
A weighted mass of the reaction mixture (monomer + polymer) was placed in a 
vacuum oven at 70°C overnight. The material left after evaporation of the monomer is 
polymer. The Conversion is calculated as follow: 
Polymer mass (4.3) 
Conversion = — ; x 100 
Sample mass 
Where polymer mass is the mass of reacted monomer and sample mass is the mass 





















Table 4-2: Conversion calculated by gravimetry 
After 4 hours at 55°C, the conversion of poly(BA) is only 57%. To reach higher 
conversion we have increased the reaction time to 10-14 hours. 
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Homopolvmerization of BA Copolymerization BA-MMA Copolymerization BA-MMA in THF 
Mn =14 1*78 ., Mn = 22 442 {, Mn = 24 627 .;. 
Mw=16 970 fi Mv.-=29 617 I M w = 3 3 000 k 
PI =1.19 PI =1.32 PI =1.34 
Figure 4-4: GPC data of homopolymerization and copolymerization of n-butylacrylate 
with methyl methacrylate by ATRP. 
Using this method we were able to obtain homopolymer of n-BA, block copolymer 
of n-BA-co-MMA (bulk and solvent polymerization) with narrow polydispersities (PI). 
The GPC traces show well defined and very narrow peaks (Figure 4-4). 
4.1.4. ATRP of 4-cumylphenyl methacrylate 
We applied the same method as described previously for the polymerization of 4-






























Table 4-3: Polymerization of 4-cumylphenyl methacrylate by ATRP 
Radical polymerization of 4-CPM 
Mn = 26200 , f 
M w = 144971 / a '> 
PI = 5.53 / 
18 GO 20 00 22 00 24 00 26.00 28.00 30.00 32.00 
ATRP of 4-CPM j 
Mn = 5988 p. 
Mw = 7572 
PI =1.26 
%m &m ::m .:*f® i*<*» ^m inw v^t* 
Figure 4-5: GPC traces of poly (4-CPM) obtained by free radical polymerization and by 
ATRP 
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The polymerization of 4-CPM by ATRP is well controlled: poly(4-CPM) is 
obtained with a much narrower polydispersity as by the radical polymerization obtained 
(Figure 4-5). 
4.1.5. ATRP of iron chelating monomers 
We attempted the polymerization by ATRP of 4-vinyl pyridine (4-VP), a 
commercial metal coordinating monomer, and Benzotriazole Methacrylate (BTAM), one 
of the iron chelating monomers we have synthesized (Figure 4-6). The reaction 
parameters and the polymerization results are reported in Table 4-4. 
^ . N' 
4-vinyl pyridine (4-VP) Benzotriazole Methacrylate (BTAM) 















initiator Time-T MnGPC MwGPC 
MBrP (g/mol) (g/mol) 
58mg 10h@70°C -
58mg 10h@70°C -









Table 4-4: Polymerization of 4-vinyl pyridine and benzotriazole methacrylate by ATRP 
4-vinyl pyridine (4-VP) in bulk and solvent would not polymerize via ATRP and 
BTAM polymerization produced a very low molecular weight polymer with a large 
polydispersity. 
It has been reported in the literature that, the polymerization of monomers which 
can complex metal poses a very challenging problem for atom transfer radical 
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polymerization (ATRP).101'1 The 4-VP monomer is a strong coordinating ligand, and 
competes for the binding of the metal catalysts in the polymerization system. The 
monomer 4-VP present in large excess over the ligand used, complexes with copper. The 
pyridine-coordinated copper complexes are not-effective catalyst and monomer 
conversion and polymerization rates are very low.101 The controlled polymerization of 4-
VP using a stronger binding ligand tris[2-(dimethylamino)ethyl]amine (Me6TREN) has 
been used in the solution ATRP of 4-VP.102 But the ligand Me6TREN is not synthesized 
easily and is expensive. 
Similarly the ATRP of 2-(acetoxy)ethyl methacrylate (AEMA) has been 
investigated and produced a product with a bimodal and fairly broad Molecular weight 
distribution.103 The loss of control in the polymerization has been attributed to the 
complexation of the catalyst with the growing multidentate AEMA chains. And the use of 
Me6TREN, a stronger ligand, leads to a crosslinked polymer. As a strong base it abstracts 
CH-acidic protons of AEMA, thus promoting an aldol-type cross-linking of the polymer 
chains. 
The ATRP polymerization of the metalophile monomer poses a challenge, and 
cannot be achieved by a simple ATRP. We therefore investigated the possibility of 
polymerizing a monomer which could be later functionalized. 
4.1.6. ATRP polymerization of monomer with functionalizable groups 
4.1.6.1. Methacryloyl chloride 
Methacryloyl chloride was used to prepare several iron chelating monomers 
(BTAM, SHBM, ...) and poly(methacryloyl chloride) has been previously functionalized 
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into a polymer with iron chelating functionalities. The polymerization of Methacryloyl 
chloride by ATRP was investigated (Table 4-5). 
Monomers (g) solvent ligand catalyst initiator Time-T Mncpc MWGPC PI Mn max 
P M D E T A C u B r M B r P (g/mol) (g/mol) calculated 
(g/mol) 
MeCl 7.34 Toluene 60 mg 50 mg 58 mg 4h@70°C 7364 13793 1.9 21134 
Table 4-5: Polymerization of Methacryloyl chloride by ATRP 
Upon mixing methacryloyl chloride with the amine ligand a white precipitate would 
form suggesting a reaction was taking place. The polymerization of methacryloyl 
chloride by ATRP is not well controlled (broad, unsymmetrical GPC peak). 
4.1.6.2. 2-Hydroxyethyl methacrylate monomer 
2-Hydroxyethyl methacrylate (HEMA) is an important functional monomer with a 
pendant hydroxyl group that can be functionalized (Figure 4-7). We investigated the 
ATRP polymerization of 2-Hydroxyethyl methacrylate (HEMA). 
O 
II 
H2C = C - C -OCH?CH?OH 
I 
CH3 
Figure 4-7: structure of 2-Hydroxyethyl methacrylate (HEMA) 
The synthesis of linear poly(2-Hydroxyethyl methacrylate) (PHEMA) has been 
reported at room temperature in bulk and in extremely polar solvent such as DMF, 
DMSO, and methanol. The best results being obtained with methanol or water methanol 
mixture. 104'105 
Copper-mediated ATRP in protic solvents is characterized by inefficient 
deactivation due to reversible dissociation of the halide ligand from the ATRP deactivator 
CuHLnX, which may be followed by competitive coordination of solvent to the Cu" 
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center. This process is strongly solvent-dependent and leads to fast and often poorly 
controlled polymerizations.106 
On the basis of these results, ATRP of HEMA was first conducted at room 
temperature with the complex of CuBr/ PMDETA as catalyst system and MeBrP as 
initiator in bulk and in methanol. Unfortunately most of the other methacrylic polymers 
are not soluble in methanol. The copolymerization of HEMA with n-butylmethacrylate 
(BMA) in DMSO and THF was subsequently investigated. The results are summarized 




































































Table 4-6: Polymerization and copolymerization of 2-Hydroxyethyl methacrylate 
In bulk, the polymerization of HEMA led to a crosslink gel, but in methanol and by 
decreasing the amount of catalyst, the transesterification of HEMA was avoided and 
controlled polymerization was achieved. It has been shown that when a lower amount of 
Cu(I) catalyst is used, the polymerization rate becomes slower, gelation is avoided and 
narrower polydispersity are achieved.107 
We have copolymerized HEMA with BMA in THF and DMSO, which are polar, 
aprotic solvents. THF gave better control over the polymerization; a narrower 
polydispersity. 
To verify that both monomers are incorporated in the polymer, we have determined 
the polymer composition by NMR (Figure 4-8). 
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Figure 4-8: NMR spectra of poly(HEMA-co-BMA) obtained by ATRP in THF 
From the NMR spectra, we can calculate the polymer composition: there are six a-
protons, four from the HEMA(x) and two from the BMA(y) and there are seventeen b-
protons: five from the HEMA(x) and twelve from the BMA(y). 
1 = 4x + 2y 
3.85 = 5x+12y <=> 
x = 0.11 
y = 0.28 
(4.4) 
The weight fraction of HEMA in the copolymer can be calculated as follow 
x x MHEMA 0.11 x 130.14 
HEMA
 0 x MHEMA + y x MBMA) (0.11 x 130.14) + (0.28 x 142.20) 





HEMA — (3.12 + 7.95) = 0.28 
(4.6) 
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The weight fractions of HEMA in the reaction mixture and in the polymer are close. 
We can conclude that both monomers are incorporated at the same rate in the polymer. 
Copolymerization and block copolymerization of HEMA, BMA and 4-CPM in THF were 






























































































































Table 4-7: Copolymerization of HEMA, BMA and 4-CPM 
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Copolymer HEMA-co-BMA in THF 
Mn = 5353 
Mw = 8998 
PI =1.7 
Copolymer 4-CPM, BMA, HEMA in THF 
Mn= 12242 
Mw= 17096 k 
PI =1.40 fl. 
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Figure 4-9: GPC traces of HEMA, BMA, 4-CPM copolymers 
By copolymerizing just a small amount of HEMA together with BMA and 4-CPM, 
we were able to get narrower molecular weight distribution. The GPC traces have 
narrow regular peaks which is consistent with controlled polymerization (Figure 4-9). 
The NMR spectra of the block copolymer HEMA-BMA-4-CPM (Figure 4-10) shows that 
the three monomers are incorporated in the polymer. 
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Figure 4-10: NMR spectra of4-CPM-co- HEMA-co-BMA copolymer 
Removal of the metal catalyst from the polymer which is normally achieved by 
passing the polymer in solution through a neutral alumina column turned out to be 
difficult for polymers rich in HEMA monomer. For polymer containing HEMA, only 
soluble in polar solvent, catalyst removal required two passages through an alumina 
column before being clear (complete removal of the green Cu ions). 
4.1.6.3. ATRP of tert-butyl methacrylate 
The ATRP polymerization of HEMA being difficult, we have looked for a 
methacrylic monomer with a non polar group which can be functionalized. Tert-butyl 
methacrylate (t-BMA) which has a bulky pendant group can be transesterified. 
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Figure 4-11: Structure oftert-butyl methacrylate 
The ATRP homopolymerization of tert-butyl methacrylate and its copolymerization 
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Table 4-8: Polymerization and copolymerization oftert-butyl methacrylate 
We were able to copolymerize t-BMA with n-BMA in THF. We subsequently 
attempted to trans ester-amidify poly(t-BMA) into poly(BTAM). We reacted together 
poly(t-BMA) with benzotriazole (BTA) at 70°C in THF (with and without a catalytic 
amount of NaOH). The reaction did not work. 
4.1.6.4. ATRP of Glycidyl Methacrylate 
The controlled polymerization of Glycidyl Methacrylate (GMA) has been 
performed using standard ATRP mild conditions in toluene at room temperature.108 The 
ATRP polymerization of this monomer has been reported to be particularly sensitive to 
the different components of the polymerization mixture, such as the initiator, catalyst and 
solvent. Glycidyl methacrylate/butyl acrylate copolymerization has been carried out 
under atom transfer radical polymerization conditions in 50% (v/v) toluene and diphenyl 
ether solutions at 30°C. 
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In agreement with these findings, ATRP of GMA with butyl acrylate (BA), butyl 
methacrylate (BMA), 2-Hydroxyethyl methacrylate (HEMA) and 4-cumylphenyl 
methacrylate (4-CPM) was conducted at room temperature in toluene with the initiating 












































































Table 4-9: Colymerization ofGlycidyl methacrylate by ATRP 
The copolymerization of GMA with BA or BMA at room temperature led to poor 
control over the polymerization (broad polydispersity). 
The copolymerization of HEMA with GMA led to crosslinking, the amine (ligand) 
acting as a catalyst for the ring opening of GMA onto the HEMA hydroxyl group. The 
copolymerization of 4-CPM with GMA also resulted in a crosslinked gel. 
4.1.7. Conclusions on ATRP 
ATRP did not meet our expectations. We found that depending on the monomer 
used, solvents, ligands and temperatures had to be adjusted, which renders 
copolymerization of different monomers difficult. ATRP cannot be used to polymerize 
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metal chelating monomers. The metal chelating monomers act as metal ligand, and the 
monomer-complexed copper catalysts are not effective. The amine ligand being a catalyst 
for the ring opening of GMA, the use of GMA is limited. 
The synthesis of polymer by ATRP requires the removal of the catalyst before use 
which is an expensive procedure in commercial scale production. Furthermore, in the 
case of polar polymer, removal by passing a solution containing the product through a 
column of alumina is difficult. 
4.2. Reversible Addition Fragmentation chain Transfer polymerization - RAFT 
4.2.1. Presentation 
Reversible addition fragmentation chain transfer (RAFT) polymerization, recently 
developed, uses thiocarbonylthio compounds, such as dithioesters, dithiocarbamates, 
trithiocarbonates, and xanthenes in order to mediate the polymerization via a reversible 
chain-transfer process.! 10 
RAFT polymerization allows access to polymers with low polydispersity and high 
functionality. RAFT also allows for the production of complex architectures such as 
block, star, graft, comb, and brush (co)polymers. RAFT is also known for its 
compatibility with a great variety of monomers. The process is compatible with 
conventional free radical polymerization; it is performed simply by introducing a suitable 
thiocarbonylthio compound to an otherwise conventional free radical polymerization. 
For our purpose, reversible addition-fragmentation chain transfer (RAFT) radical 
polymerization appeared to be the method of choice: it promotes a well-controlled 
polymerization of methacrylate monomers and does not involve any kind of a metal ion 
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complex catalyst, as found in atom transfer radical polymerization (ATRP) that might 
interfere with the metal chelating group. 
4.2.2. RAFT polymerization mechanism 
The key feature of the mechanism of RAFT polymerization (Figure 4-12) is a 
sequence of addition-fragmentation equilibria.110 Initiation and radical-radical 
termination occur as in conventional radical polymerization. RAFT agents contain 
thiocarbonyl-thio groups, and it is the reaction of polymeric and other radicals with the 
C=S that leads to the formation of stabilized radical intermediates. 
initiation 
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Figure 4-12: Mechanism for the RAFT polymerization 
In an ideal system, these stabilized radical intermediates do not undergo termination 
reactions, but instead reintroduce a radical capable of reinitiation or propagation with 
monomer, while they themselves reform their C=S bond. The cycle of addition to the 
C=S bond, followed by fragmentation of a radical, continues until all monomer is 
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consumed. Termination is limited in this system by the low concentration of active 
radicals. 
The mechanism for achieving control in RAFT differs significantly from that 
involved in ATRP. The latter process involves reversible deactivation of propagating 
radical by atom transfer. The dormant species (the halo-compound) is also the source of 
radicals. The position of the deactivation-activation equilibrium and the persistent radical 
effect determine the rate of polymerization. In RAFT polymerization, the deactivation-
activation equilibria are chain transfer reactions. Radicals are neither formed nor 
destroyed in these steps and an external source of free radical is required to initiate and 
maintain polymerization.92 
The Molecular weights of the polymers obtained by RAFT can be predicted.111 The 
number of polymer chains is determined by the amount of RAFT agent consumed and the 
amount of conventional initiator decomposed. Maximizing the amount of chain transfer 
by using high concentration of RAFT agents relative to initiator maximizes the fraction 
of polymer molecules with dithioesters end group (compared to chains terminated by 
normal bimolecular termination). In these conditions the RAFT agent is consumed within 
the first few percent of monomer conversion and the number of polymer chains due to 
initiator decomposition is small. The polymer number average molecular weight can be 
calculated as follow: 
•ri— mmonomer (4.7) 
Mn = x p v > 
nCTA 
Where mmonomer is the initial mass (g) of monomer, ncTA is the amount (mol) of chain 
transfer agent and p the fractional conversion of monomer at any time in the reaction. 
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4.2.3. Synthesis of RAFT chain transfer agent 
The chemistry employed to produce RAFT chain transfer agent generally involves 
the use of hazardous reaction and toxic chemical. The handling and synthetic difficulties 
have contributed to the limited spread of RAFT. 
s 
DBTTC 
Figure 4-13: Dibenzyl Trithiocarbonate Structure 
Dibenzyl trithiocarbonate (Figure 4-13), proven to be an efficient chain transfer 
agent (CTA) for polyacrylic acid synthesis, has been synthesized through a one pot 
simple reaction from l,l'-Thiocarbonyl diimidazole (TCDI).111 The reaction is depicted 
in Figure 4-14. 
S jf 
A ^ ^ Toluene, - ^ ^-^ JK, 
\ _ / \ _ / K^ KOH, reflux, ^ ? 
l,l'-Thiocarbonyl benzylmercaptan " n Dibenzyl trithiocarbonate 
diimidazole (TCDI) 81 % 
Figure 4-14: Synthesis of Dibenzyl Trithiocarbonate 
l,r-Thiocarbonyl diimidazole (TCDI) (1.8 g, 9.6 mmol) and potassium hydroxide 
(KOH) (0.025 g, 0.43 mmol) were dissolved in dry toluene (30 mL) and added to a three-
neck flask added under nitrogen. To the solution was added benzyl mercaptan (2.4lg, 
19.2 mmol) dropwise. The reaction mixture was heated and refluxed for 6 h. After this 
time, the mixture was allowed to cool to room temperature and left to stand, under 
nitrogen, overnight. The solution was filtered, concentrated under vacuum and subjected 
to flash chromatography (silica, 5% ethyl acetate in hexane as eluent). The desired 
fraction was concentrated under vacuum, affording the product as a bright yellow oil. The 
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product was obtained with 61% yield and in high purity as indicated by NMR (Figure 
4-15). 
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Figure 4-15: NMR ofDibenzyl trithiocarbonate 
4.2.4. Preliminary study 
We studied the RAFT polymerization of methyl acrylate (MA), glycidyl 
methacrylate (GMA) and (2-Acetoacetoxy)ethyl methacrylate (AEMA). 
Following a standard recipe described in the literature,111 RAFT radical 
polymerization was performed in the presence of Dibenzyl trithiocarbonate as the chain 
transfer agent (CTA) and 2,2'-azobis(isobutyronitrile) (AIBN) as the radical source in 
bulk or toluene at temperature from 50°C to 80°C. The samples were passed onto an 
alumina column to remove the polymerization inhibitors and degassed with nitrogen for 
30 min prior to polymerization. The different experiments and their results are 
summarized in Table 4-10 
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Ratio Monomerl Monomer2 Monomer3 Solvent Temp Time MnGPC MwGPC PI Mnmaxca]c 
(monomer: (°C) hours g/mol g/mol g/mol 








































































































































































Table 4-10: RAFT polymerization of MA, GMA and AEMA 
When polymerizing methyl acrylate, the polymerization is controlled (low 
polydispersity (PI)) and the molecular weight achieved was lower than the calculated 
one. When methacrylates are used, the molecular weight is higher than the calculated 
maximal molecular weight for controlled polymerization, which suggests that the 
polymerization of methacrylates is not controlled and the radical from the decomposition 
of AIBN drives the polymerization instead of the control agent. 
The control over the polymerization of methyl acrylate was improved by increasing 
the ratio CTA/initiator, and working in Toluene. By copolymerizing methacrylates with 
methyl acrylate it was possible to regain some control over the polymerization (lower 
polydispersity), but the control achieved was still not satisfying enough. 
The last polymer reported in the table is a block copolymer attempt of GMA-b-
AEMA block copolymer with MA obtained via RAFT. The polymer was obtained with a 
polydispersity of 1.6 and a molecular weight (Mn) of 11700g/mol. 
121 
4.2.5. Conclusions on RAFT 
In a RAFT process, the design of the chain transfer agent is crucial to achieve 
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controlled polymerization. ' In order for a RAFT process to function effectively, the 
RAFT agent must be carefully chosen based on the monomer type used. DBTTC which 
is a good CTA for acrylates was not successful in controlling the polymerization of 
methacrylates. 
RAFT agents are not commercially available and must be synthesized. We could 
not find a good CTA for controlled polymerization of methacrylate via RAFT that could 
be easily synthesized. 
Furthermore RAFT produces polymers with dithioester groups, which have some 
associated odors and colors. 
4.3. Nitroxide mediated polymerization - NMP 
4.3.1. Presentation 
Nitroxide-mediated polymerization (NMP) appears to be the simplest of the various 
techniques currently use for Controlled radical polymerization, since in most cases it 
requires only the addition of an appropriate alkoxyamine to the polymerization 
medium.115 
Nitroxide mediated polymerization, was discovered while using a radical scavenger 
called TEMPO (2, 2, 6, 6-tetramethyl-l-piperdinyloxy) when investigating the rate of 
initiation during free radical polymerization.116 By increasing the temperature to 130 °C, 
a system comprising benzoyl peroxide, and TEMPO gave polystyrene derivatives by a 
living process in which the molecular weight increased in a linear fashion with 
conversion. At these elevated temperatures the C-ON bond becomes unstable, releasing 
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the nitroxide which can now act as a polymerization mediator, not as an inhibitor as they 
are at low temperatures (Figure 4-16). 
Figure 4-16: Nitroxide mediated polymerization of polystyrene with TEMPO 
Similar to atom transfer radical polymerization, the equilibrium between dormant 
alkoxyamine chains (those reversibly terminated with the stable free radical) and active 
chains (those with a carbon centered radical capable of adding monomer units) is 
designed to heavily favor the dormant state (alkoxyamine), resulting in a low 
concentration of radicals and therefore, minimizing the termination rate for the 
polymerization. 
TEMPO mediated NMP is limited to styrene and its derivatives. The development 
of new nitroxides (Figure 4-17), particularly acyclic nitroxides such as SGI [N-
tertbutyl- N-(l-diethylphosphono-2,2-dimethylpropyl) nitroxide] or TIPNO " 7 (2,2,5-
trimethyl-4-phenyl-3-azahexane nitroxide) as counter radical made it possible to control 
the polymerization of acrylate derivatives, acrylamides, and dienes. 
-'~^ -^- ^ 
N P(0)(OEt)2 
o. 
SG1 TEMPO TiPNO 
Figure 4-17: Nitroxide structures 
"N •X 
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4.3.2. BlocBuilder®: NMP initiator and control agent 
4.3.2.1. Presentation 
BlocBuilder® is an alkoxyamine compound commercialized by Arkema that allows 
the control of free radical polymerizations. This nitroxide-based technology enables the 
production of polymers with reduced polydispersity and is used to customize polymer 
structures allowing manufacture of block, and gradient copolymers. 
BlocBuilder® generates one equivalent of initiating radical of "methacryl" type with one 
equivalent of nitroxide control agent SG-1 (Figure 4-18). 
Alkoxyamine: BlocBuilder® Initiator SG-1 
\ / T act \ / T 
II C H - P - O — / . il C H - P - 0 - 7 
O / I k desact 0 / I 
Monomer 
Figure 4-18: Equilibrium expression for NMP with BlocBuilder an alkoxyamine based 
on SGI 
BlocBuilder® (Ci7H36N06P) has a molecular weight of 381.44g/mol. The H-NMR 
is shown in Figure 4-19. 
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Figwre ^- /9 : H-iVMR of BlocBuilder® 
4.3.2.2. BlocBuilder® based multifunctional initiators 
To investigate the influence of architecture, we have synthesized BlocBuilder® 
based difunctional, trifunctional and penta-, hexa-functional initiators. BlocBuilder® has 
shown to be easily modified and turned into an initiator able to perform the initiation and 
control of ABA triblocks and star copolymers. 
Difunctional BlocBuilder® 
By reacting BlocBuilder with a difunctional acrylate or methacrylate (Figure 
4-20), an initiator with two initiating sites has been obtained.119 Such an initiator initiates 
the growth of one chain from its two ends and can be used for the synthesis of ABA 
triblock copolymers. 
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1,4-butanediol diacrylate (1.15 g) was dissolved in ethanol (10 mL) and subjected 
to degassing by bubbling nitrogen for 20 min. 2.1 equivalents BlocBuilder® (1 g) was 
then added, dissolved and the mixture was transferred into a 50 ml round bottom flask 
purged with N2. The reaction mixture was held at reflux (80°C) for 20 hours. Ethanol was 
evaporated under reduced pressure to yield a yellow viscous liquid. 
V-O-N 0 / 
no—\ V-p-o—' + 
l,-4-Butane<liol (liacivlate 
SVC Ethanol 
Figure 4-20: Synthesis of a difunctional BlocBuilder 
The obtained difunctional initiator was characterized by NMR (Figure 4-21) and 
GPC (Figure 4-22). 
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Figure 4-22: GPC spectra of BlocBuilder and difunctional BlocBuilder 
From the NMR spectrum we can calculate that only 0.2% of the vinyl bond (vinylic 
proton peaks around 6 ppm) has not reacted. The GPC spectrum shows an increase in 
molecular weight (lower elution time) resulting from the reaction. The difunctional 
initiator has a calculated molecular weight of 961g/mol whereas BlocBuilder® has a 
molecular weight of 381g/mol. 
Trifunctional BlocBuilder 
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Figure 4-23: Synthesis of a trifunctional BlocBuilder* 
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Pentaerythritol triacrylate dissolved in ethanol was degassed by bubbling nitrogen 
for 20 min. 3.1 equivalents BlocBuilder® were then added and the solution was poured 
into a 50 ml round bottom flask purged with N2. The reaction mixture was held at reflux 
(80°C) for 20 hours. Ethanol was evaporated under reduced pressure to yield a yellow 
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Figure 4-24: NMR spectra of pentaerythritol triacrylate and trifunctional BlocBuilder 
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The comparison of the NMR spectrum of pentaerythritol triacrylate with the 
spectrum of trifunctional BlocBuilder®, reveal the complete disappearance of the vinylic 
protons of pentaerythritol triacrylate upon the reaction with BlocBuilder®. BlocBuilder® 
has efficiently reacted with the vinyl groups of pentaerythritol triacrylate to yield a 
trifunctional initiator. 
Penta-/hexa-functional initiator 
This multifunctional initiator is made from BlocBuilder® and Dipentaerythritol 
penta-/hexa-acrylate (DPEPHA). DPEPHA is a commercial product sold as a mixture of 
penta and hexa-acrylates. Reacted together with 6 equivalents of BlocBuilder® (Figure 
4-25), it yields to a multifunctional initiator with 5 to 6 arms for the initiation of star 
polymers. 
j - ^ - h - o 
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Figure 4-25: Synthesis of a penta/hexa-functional initiator for nitroxide mediated 
polymerization. 
The reaction was performed in ethanol at reflux and under an inert atmosphere for 
20 hours. The product was recovered by evaporation of the solvent and characterized by 
GPC (Figure 4-26). 
The GPC chromatograms of BlocBuilder® (381 g/mol), DPEPHA (524.51 g/mol) 
and of the Penta / hexa initiator (2429 g/mol) show that DPEPHA and BlocBuilder® have 
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Figure 4-26: GPC spectra of BlocBuilder®, DEPHA and penta/hexa-functional 
BlocBuilder 
The number average molecular weights Mn obtained by GPC are given in Table 












Table 4-11: Molecular weights obtained by GPC 
The GPC spectra show that DPEPHA is not a pure component; there are also some 
higher molecular weight entities that might be a result of the combination between two 
DPEPHA. As a consequence the GPC trace for the penta/hexa initiator also displays a 
second peak at higher molecular weights. The GPC under-evaluate the molecular weight 




















— r ^ VO 
A 




















4.3.3. Nitroxide mediated polymerization of 2-(acetoacetoxy)ethyl methacrylate 
and glycidyl methacrylate. 
NMP of 2-(acetoacetoxy)ethyl methacrylate (AEMA), an iron chelating monomer, 
and glycidyl methacrylate (GMA), a monomer with an epoxy function than can react with 
the coating, was first investigated. Those two monomers are commercially available. 
4.3.3.1. Monitoring the polymerization reaction by GPC calculations 
To follow the formation of the block and gradients copolymers, we have monitored 
the formation of the polymer and remaining monomers by GPC. During the 
polymerization a small amount of the reaction mixture is syringed out and quenched by 
dilution in cold THF. Each sample is analyzed by GPC. From the GPC data we can get 
the polymer size: Mn , Mw , polydispersity (PI) and also, because the reaction mixture 
still contains all the reaction components, we can evaluate the amount of AEMA, and 
GMA monomer left, i.e. non-reacted, compared to the amount of polymer, i.e. monomer 
reacted. From these values, we can calculate the conversion and the amount of each 
monomer that has been incorporated in the polymer. 
AEMA and GMA have very distinct peaks that can be individually integrated 
(Figure 4-27). For similar masses, AEMA and GMA have the same responses (less than 
1% difference between the areas under the peaks) (Table 4-12). And we can safely 
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Figure 4-27: GPC refractive index signal for similar masses of GMA and AEMA 





Table 4-12: Area difference between the GPC responses for AEMA and GMA in similar 
quantities 
When AEMA and GMA are copolymerized together, we can integrate separately, 
the polymer and the two monomers peaks (Figure 4-28). 
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Figure 4-28: GPC for GMA, AEMA and AEMA-GMA polymer 
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When all the monomer(s) are in the reaction mixture at the start of the reaction 
(random copolymerization), the conversion can be calculated by integrating the area 
below the polymer signal (P) divided by the sum of the areas below the monomer(s) 
(Mi+M2) and polymer (P) peaks (Figure 4-29). 
Conversion = p/p + MI+M2 (4-8) 
! Copolymer AEMA-G MA 
Figure 4-29: Area under the polymer (P) and the monomers (Ml and M2) peaks 
In the case of block-copolymers and gradient copolymers, the second monomer is 
added afterwards. The calculation of the conversion is more complicated. Below are 
defined the notation that will be used for the calculation. 
Notations 
P is the value of the integral below the Polymer peak. 
Mi is the value of the integral below the peak for monomer 1 
M2 is the value of the integral below the peak for monomer 2 
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Miinc is the amount of Monomer 1 incorporated in the polymer, or the fraction of the 
polymer which is made of monomer 1. 
M2inc is the amount of Monomer 2 incorporated in the polymer, or the fraction of the 
polymer which is made of monomer 2. 
Therefore: P = Mlinc + M2inc (4.9) 
Normalization of the data 
Before addition of the second monomer, in the reaction mixture we have only 
Monomerl (Ml), poly(Monomerl) (P), styrene and initiator. For the calculation we 
neglect the contribution of styrene (less than 10%) and initiator. The total amount of 
Monomerl is equal to the sum of Monomerl (Mi) and poly(Monomerl) (P). 
For the data recorded before addition of the second monomer, we divide the data by the 
total amount of monomerl (Mi+P). In the normalized data the amount (M]+P) is equal to 
1. Upon addition of monomer2 (M2), we divide the data by (Mi+ M2+P) and multiply it 
by (1 -\——) . Where mMi and mM2 are the mass of monomerl and monomer2 
introduced so far in the reaction mixture. In the case of a progressive addition of the 
second monomer (gradient copolymer), mM2 varies according to the reaction 
advancement. 
Calculations 
The following calculations are performed on the data that have been normalized. 
The total conversion is the amount of polymer formed divided by the total amount 
of monomer introduced: 






We can also calculate a partial conversion (conversion of monomer 1) before the 
addition of the second monomer, which is equal to P. 
The amount of monomerl incorporated (Mijnc) in the polymer is: Mijnc = 1-Mi (4.11) 
The amount of monomer2 incorporated (Munc) in the polymer is: M2inc = P-Mnnc (4.12) 
The fraction of monomerl reacted is equal to Mimc and the fraction of monomer2 reacted 
is equal to: . . ™_M2 (4.13) 
M 2 i n c x ~~ 
m
 M1 
We can also compute the instantaneous composition (monomer incorporated in the 
polymer between t and t+1) of copolymer versus conversion, which is also the 
composition of the copolymer along the polymer chain. In controlled polymerization the 
growth of the polymer is linear versus conversion. 
The instantaneous composition of the polymer is calculated as follow: 
M i in the polymer = ( M i inc(t+i) - Mi m c ( t ) ) / ( ( Mimc(t+1) " Mi m c ( t ) )+ (M2inc(t+1) " M2inc(t))) ( 4 . 14 ) 
M2 
in the polymer (1 - M i i n the polymer) (4 .1 5) 
The cumulative composition is calculated as follow: 
M i
 c u r a u l= M i i n c / ( Mi jnc+ M2inc) ( 4 . 1 6 ) 
M 2 CUmul= M2 inc / ( M H r , c + M 2 i n c ) ( 4 . 1 7 ) 
Calculation of Mn theoretical 
The number average molecular weight for nitroxide mediated polymerization is given by: 
Mn =px m monomers (4.18) 
^•initiator 
Where mmonomers is the initial mass (g) of monomer, ninitjator the initial amount (mol) of 
initiator and p the fractional conversion of monomer. 
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4.3.3.2. Experimental 
BlocBuilder® was dissolved in the monomer(s) and solvent. The solution was 
purged with Argon for 30 min and added to a three neck round bottom flask degassed 
with 3 vacuum/Argon cycles and equipped with a magnetic stirring bar. The solution was 
placed in an oil bath set at the reaction temperature and stirred. To add a second block, 
the second monomer was degassed and added to the reactor. In the case of gradient 
copolymers the addition of the second monomer is performed gradually using a syringe 
pump. 
NMP suffers from a lack of control over the family of methacrylic esters such as 
GMA and AEMA. It has been shown that copolymerizing it with a small amount of 
styrene (less than 10%) decreases the activation/deactivation equilibrium constant and 
helps control the reaction. ' ' The addition of styrene helps to maintain a low 

































Table 4-13: Improvement of the control over NMP polymerization upon addition of 
styrene 
The results shown in Table 4-13 illustrate that upon addition of Styrene in the 
polymerization mixture of Glycidyl methacrylate with BlocBuilder® the polydispersity of 
the product is reduced, therefore a better polymerization control is afforded. 
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4.3.3.3. Preliminary study 
First was investigated the homopolymerization of AEMA and GMA initiated by 
BlocBuilder® and the difunctional BlocBuilder® at different temperatures (90, 100 and 
110 °C) to determine the best conditions for the polymerization of both monomers. 
The composition of the reaction mixtures are given in Table 4-14. 
Monomer Co-monomer Initiator Solvent 
GMA 5 g Styrene 0.5 g 
AEMA 5 g Styrene 0.5 g 
AEMA 5 g Styrene 0.5 g 
JS~; BlocBuilder^ 0.2 g 
BlocBuilder® 0.2 g 
Difunctional BlocBuilder® 0.48 g 
Toluene 5 mL 
Toluene 5 mL 
Toluene 5 mL 
Table 4-14: Reaction mixture for the study of the homopolymerization of GMA and 
AEMA 
The reactions are followed by GPC analysis (Figure 4-30) and the values of the 
molecular weights and polysispersity at 90°C for GMA are plotted on Figure 4-31. 
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Figure 4-30: Size exclusion chromatograms recorded at various reaction times for the 
,® 
controlled polymerization of GMA initiated by BlocBuilder at 90°C. 
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Figure 4-31: Dependence of number average molecular weight (Mn) and polydispersity 
index (PI) on monomer conversion for the NMP polymerization of GMA with 
BlocBuilder® at 90°C. 
We have similarly studied the polymerization of GMA at 100 and 110°C and the 
polymerization of AEMA at 100°C. The plots are available for consultation in appendix 
2. The polymerization of GMA at 90°C and AEMA at 100°C with BlocBuilder® via NMP 
are well controlled, molecular weight values (Mw) increase linearly with monomer 
conversion and polydispersity values are low. 
The polymerization of AEMA with the difunctional BlocBuilder® was also 
considered. The reactions are followed by GPC analysis (Figure 4-32) and the values of 
the molecular weights and polysispersity at 100°C are plotted on Figure 4-33. 
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Figure 4-32: Size exclusion chromatograms recorded at various reaction times for the 
controlled polymerization ofAEMA initiated by the difunctional BlocBuilder at 100°C. 
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Figure 4-33: Dependence of number average molecular weight (Mn) and polydispersity 
index(PI) on monomer conversion for the NMP polymerization of AEMA with the 
difunctional BlocBuilder at 100°C. 
The difunctional BlocBuilder® initiates also a well controlled polymerization of 
AEMA, molecular weight values (Mn) increase linearly with monomer conversion and 
polydispersity values are low. 
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4.3.3.4. Influence of temperature on the polymerization 
The Conversion, number average molecular weight (Mn) and polydispersity for the 
polymerization with BlocBuilder of GMA after 20 min and AEMA after 45 min for 











































Table 4-16: Conversion and molecular weight achieved after 45 min of polymerization of 
AEMA at three different temperatures 
As the temperature increases higher conversions are reached after a set time. At 
temperature higher than 100°C the conversion does not increase much but the 
polydispersity broadens. At high temperature some control over the polymerization is lost 
which is caused by an increase in termination reaction. 
4.3.3.5. Comparison of the reactivity of AEMA and GMA 
From the data described previously (homopolymerization of GMA and AEMA), we 
have noticed that GMA seems to be more reactive than AEMA. In Table 4-17 are 
reported the conversions attained by the reaction of AEMA and GMA at the same 
temperature after the same reaction time. 
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Monomers Reaction time Temperature Conversion 
(min) CQ (%) 
AEMA 20 100 70 
GMA 20 100 76 
Table 4-17: Comparison of the conversion achieved after 20 min for the controlled 
polymerization of AEMA and GMA by NMP at 100°C. 
The conversion reached by the polymerization of GMA is indeed higher than the 
one reach by AEMA in the same conditions, which indicates that GMA is more reactive 
than AEMA. AEMA and GMA being both methacrylates, their difference in reactivity 
might be explained by their relative size; AEMA is larger than GMA. 
The reactivity of AEMA and GMA when reacted together in similar quantities 
(mass) has also been studied. By GPC analysis the conversion of both monomers has 
been followed. The composition of the reaction mixture and the characterization results 
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Table 4-18: Polymerization conditions and characterization results for the 
copolymerization of AEMA and GMA 
The weight fraction of each monomer incorporated in the polymer versus 
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Figure 4-34: Fraction ofAEMA and GMA monomer reacted versus monomer conversion 
for the statistical copolymerization ofAEMA with GMA. 
The values at 0% and 100% conversion have not been measured but by definition at 
0% conversion none of the monomer have reacted and at 100% everything has reacted. 
When the monomers are reacted together, GMA also reacts faster than AEMA. 
4.3.3.6. NMR spectra of poly(AEMA) and poly(GMA) 
The NMR spectra of poly(GMA) and poly(AEMA) are reported in Figure 4-35 and 
Figure 4-36 respectively. The controlled polymerization of methacrylates by NMP can 
only be achieved with the addition of a small amount of styrene. The relative amounts of 
AEMA, GMA and styrene incorporated in the polymer can be determined by NMR 
(Table 4-19 and Table 4-20). 
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Figure 4-35: NMR ofpoly(GMA) with 6% styrene 
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Figure 4-36: NMR ofpoly(AEMA) with 10% styrene 










Table 4-20: Weight composition ofpoly(GMA) by NMR 
The styrene monomer is integrated in the polymer in equal or greater fraction than 
the initial one (reaction mixture). These results suggest that styrene is quickly 
copolymerized within the methacrylate monomers. 
4.3.3.7. Thermal properties of poly(AEMA) and poly(GMA) 
Poly(AEMA) and poly(GMA) were analyzed by DSC to determine their glass 
transition temperatures. The DSC curves are shown in Figure 4-37 and Figure 4-38. 
144 








20 40 60 
TemDerature CO 
80 100 120 140 
Universal V4.5A 
Figure 4-37: Differential scanning calorimeter trace for poly (AEMA) obtained by NMP 
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Figure 4-38: Differential scanning calorimeter trace for poly(GMA) obtained by NMP 
AEMA and GMA were copolymerized with 6% styrene which has a 
TgPoiystyrene=100°C. The real Tg values of pure poly(AEMA) and poly(GMA) can be 
calculated from the Fox equation (Table 4-21). 
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Tg (°C) Tg ("O 
with 6% styrene derived from the Fox equation 
Poly(AEMA) 1.47 -3.0 
Poly(GMA) 68J1 66.5 
Table 4-21: Glass transition temperature of pure poly(GMA) and poly(AEMA) 
Pure poly(AEMA) has a computed Tg of -3°C and pure poly(AEMA) a Tg of 
66.5°C. 
4.3.4. Investigation of different architectures obtainable by NMP 
4.3.4.1. Block copolymers 
Block copolymers are made up of blocks of different polymerized monomers 
(Figure 4-39). A diblock copolymer contains two different chemical blocks and is made 
by first polymerizing the first monomer, and then subsequently polymerizing the second 
monomer from the reactive end of the first block. 
AEMA block GMA block 
Figure 4-39: AEMA-b-GMA diblock copolymer 
In the literature block copolymers are achieved by polymerizing the first monomer, 
than distilling off the residual monomer and then resuming the polymerization with the 
addition of the second monomer. 
AEMA and GMA have high boiling points (274°C and 189 °C respectively). ). We 
performed the distillation under reduced pressure at moderate temperatures to avoid 
polymer degradation. GMA could not be completely removed by distillation (Figure 













Figure 4-40: Size exclusion chromatograms recorded during the polymerization of the 
first and second block for the controlled block copolymerization of GMA and AEMA 
® initiated by BlocBuilder . 
The Size exclusion chromatograms (Figure 4-40) of the polymer before distilling 
off the first monomer (GMA) and after being restarted with the addition of the second 
monomer (AEMA) shows that the distillation of GMA was not successful at removing all 
of it; the spectra of the final mixture still show a peak for GMA. 
Residual monomer, if not removed, copolymerizes with the subsequent block's 
monomer. A typical block copolymerization procedure is described in Table 4-22. 
Monomers BlocBuilder Solvent Reaction Reaction 
temperature time 
1st AEMA2.5g 
addition Styrene 0.3g 
2nd GMA 3g 









Table 4-22: Block copolymerization procedure 
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AEMA was first reacted and after 50 min the second monomer (GMA) was added. 
From the GPC data collected from the reaction mixture at various reaction times (Figure 
4-41), we can follow the disappearance of the monomers and the growing of the polymer 
(peak on the left). The reaction mixture still contains AEMA when the second block is 
added (50 min). The second block is a mixture of the two monomers. The polymer 
molecular weight and polydispersity at various times is reported in Table 4-23. The 













I 25 30 35 40 
1 Elution time 
Figure 4-41: Size exclusion chromatograms recorded at various reaction times for the 
controlled block copolymerization of AEMA with GMA initiated by BlocBuilder . 





















Table 4-23: Number average molecular weight (Mn) and polydispersity index (PI) for the 







To be able to synthesize a block-copolymer, the unreacted monomer must be 
removed from the reaction mixture. Cleaning the first block by precipitation and then 
growing the second block from the first block used as a macroinitiator was envisaged. 
AEMA (4.87g) and styrene (lg) were reacted with the difunctional BlocBuilder® (0.5g) 
in 8 ml of toluene at 100°C for 3 hours. The polymer is precipitated in Ether and dried 
under vacuum. Part of the obtained polymer (2.25 g) was dissolved in Toluene (9 ml) and 
reacted with GMA (4g) at 100°C for 3 hours. The polymer is precipitated in ether and 
dried under vacuum. The GPC trace of the AEMA homopolymer (poly(AEMA)) and of 
the poly(GMA-b-AEMA-b-GMA) triblock copolymer initiated by the difunctional 
















AEMA first block, 
Mn=10230 g/mol, Pi=1.55 
GMA-AEMA-GMA triblock, 
Mn=21113 g/mol, Pl=1.74 
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Figure 4-42: The GPC spectra of the first block and the triblock copolymer 
The GPC data show that there is no monomer left and we have synthesized a perfect 
triblock copolymer. The polydispersities are high as we have pushed the reactions to high 
conversions at the expense of control. The triblock copolymer was characterized by NMR 
(Figure 4-43) and DSC (Figure 4-44). 
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Figure 4-43: NMR spectrum of the triblock copolymer 
Based on the NMR spectra we estimate a weight composition of 
(AEMA:GMA:Sty) of (0.36:0.56:0.08). Using the fox equation, from these values we 
find a calculated value for the Tg of 11 °C for the first block and 40°C for the triblock 
copolymer. The DSC gives values of 11°C for the poly(AEMA) macroinitiator and 44°C 
for the triblock copolymer. 
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Figure 4-44: DSC results for the GMA-AEMA-GMA triblock 
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The composition given by NMR is in accordance with the Tg values obtained by 
DSC. NMR and DSC can be used to determine the polymer composition accurately. 
In a diblock copolymer, the two blocks are chemically attached together at their 
ends by just one covalent bond, thus creating a unique attachment point at the interface 
between the epoxy coating and the solid surface. To decrease the pressure on that unique 
bond at the interface, we looked at increasing the size of the midpoint between the two 
blocks, by progressively transitioning from one block to the other. With that in mind, 
gradient copolymer, block-gradient copolymer and star shaped copolymers have been 
considered. 
4.3.4.2. Block-gradient Copolymer 
A gradient copolymer has gradient in repeat units arranged from mostly monomer 
A to mostly monomer B along the copolymer chain. The block-gradient AEMA-GMA 
copolymer has an AEMA block followed by an AEMA-GMA gradient (Figure 4-45). 
AEMA block AEMA-GMA gradient 
Figure 4-45: AEMA-GMA block gradient copolymer 
The block gradient copolymer was synthesized by reacting AEMA alone for 45 
min, and then GMA was fed for 45 min via a syringe pump. The reaction parameters and 
conditions are summarized in Table 4-24. 
AEMA GMA Styrene Blocbuilder Toluene Temperature Time Conv Mricpc Mn
 max 
( m i n ) ( % ) (g/mol) theoretical 
(g/mol) 
1st 4.00g 0.5g 0.339g 5ml 100°C 45 75 3181 5057 
block 
gradient 4.00g 5ml 100°C 45 74 7829 9553 
Table 4-24: AEMA-GMA block gradient copolymer reaction parameter 
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The polymerization if followed by GPC analysis and the results are reported in 
Figure 4-46. 


























Figure 4-46: Dependence of number average molecular weight (Mn) and polydispersity 
index(PI) on monomer conversion for the block- gradient polymerization of AEMA with 
GMA. 
The number average molecular weight increased proportional to monomer 
conversion. There is a slight change in the slope when AEMA is added to the mixture. 
The polydispersity stays low. From the GPC data, we have calculated the conversion of 
each monomer (Figure 4-47) and the composition along the copolymer chain (Figure 
4-48). 
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Figure 4-47: Conversion of each monomer versus total conversion 
The amount of each monomer incorporated in the polymer increases linearly with 
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Figure 4-48: Copolymer instantaneous composition 
The copolymer instantaneous composition gives us the composition of the 
copolymer along the chain. The first block is made of AEMA only and the second one 
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made of 80% of GMA. Instead of the block-gradient copolymer we were expecting we 
have a block copolymer with an AEMA block and an AEMA (20%)-GMA (80%) second 
block. 
4.3.4.3. Block-gradient-block copolymer 
The block-gradient-block AEMA-GMA copolymer has an AEMA block followed 
by an AEMA-GMA gradient, and ends by a GMA block (Figure 4-49). 
AEMA block AEMA-GMA gradient GMA block 
Figure 4-49: AEMA-GMA block gradient block copolymer 
AEMA (4.00g) was reacted alone for one hour, and then GMA (2.00g) was fed 
continuously for 10 minutes and left to react for 30 minutes. The rest of GMA (2.00g) 
was then added at once and reacted for 40 min. The reaction conditions are recapitulated 
in Table 4-25. 
AEMA GMA Styrene Blocbuilder Toluene Temperature Time Conv Mriopc Mn
 max 
( m i n ) (g/mol) theoretical 
(g/mol) 
1st block 4.00g 0.5g 0.336g 5ml 100°C 60 72% 3277 5195 
Gradual 2.00g 2.5ml 100°C 10 3869 
addition 
100°C 30 5595 
Addition 2.00g 2.5ml 100°C 40 80% 8200 9813 
Table 4-25: AEMA-GMA block-gradient-block copolymer: reaction conditions 
The polymerization is followed by GPC analysis and the results are reported in 
Figure 4-50. 
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Figure 4-50: Dependence of number average molecular weight (Mn) and polydispersity 
(PI) on monomer conversion for the NMP polymerization ofAEMA-GMA block-gradient-
block copolymer 
The molecular weight increase is disrupted by the different additions but there are 
some linear patterns. The polydispersity increases to 1.8 toward the end of the 
polymerization. After 90 minutes, the polymerization loses some control. From the GPC 
data, we have calculated the conversion of each monomer (Figure 4-51) and the 
composition of the copolymer (Figure 4-52). 
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Figure 4-51: Conversion of each monomer versus total conversion for the NMP 
polymerization ofAEMA-GMA block-gradient-block copolymer 
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Between the different additions, the amount of each monomer incorporated in the 
polymer increases linearly with conversion. 70% of AEMA has reacted when we start 
adding the GMA, then both AEMA and GMA are reacted and in the last step, mostly 





















Figure 4-52: Copolymer instantaneous composition for the NMP polymerization of 
AEMA-GMA block-gradient-block copolymer 
The copolymer is made of a first AEMA block followed by a mixed block and ends 
with a GMA block. But the mixed block in-between starts rich in GMA and ends richer 
in AEMA which is the opposite of what we expected. This is due to the fact that, as we 
have seen previously, GMA reacts faster than AEMA. 
4.3.4.4. Full gradient initiated by BlocBuilder 
The full gradient AEMA-GMA copolymer (Figure 4-53) has a gradient in 




Figure 4-53: AEMA-GMA gradient copolymer 
AEMA was reacted alone for 12 min and then GMA was added constantly over 72 
minutes. The reaction conditions are recapitulated in Table 4-26. 











conv Mn (GPC) Mn max 
(g/mol) theoretical 
75% 8755 9813 
Table 4-26: AEMA-GMA full gradient copolymer: reaction conditions 
The polymerization is followed by GPC analysis and the results (Mn and PI) are 
reported in Figure 4-59. 
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Figure 4-54: Dependence of number average molecular weight (Mn) and polydispersity 
(PI) on monomer conversion for the NMP polymerization of AEMA-GMA full gradient 
copolymer 
The number average molecular weight increased proportional to monomer 
conversion and the polydispersity is low, which a sign of good control over the 
polymerization. 
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From the GPC data, we have calculated the conversion of each monomer (Figure 
4-55) the composition of the copolymer along the chain (Figure 4-56) and its total 
composition (Figure 4-57). 



























Figure 4-55: Conversion of each monomer versus total conversion for the NMP 
polymerization of AEMA-GMA full gradient copolymer 
The conversion of each monomer increases smoothly as the reaction conversion 
increases. 
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Figure 4-56: Copolymer instantaneous composition for the NMP polymerization of 
AEMA-GMA full gradient copolymer 
158 





1 0.8 L 
o 
I °-6 ; 





0.2 0.4 0.6 
conversion 
0.8 
Figure 4-57: AEMA-GMA full gradient copolymer cumulative composition 
The increase of the overall concentration of GMA in the copolymer is almost linear 
versus conversion. The composition of the copolymer is 56% AEMA-44% GMA. 
4.3.4.5. Full gradient initiated by difunctional BlocBuilder® 
The AEMA-GMA full gradient initiated by difunctional BlocBuilder® is grown 
from the center of the chain. Therefore it is AEMA rich in the center and GMA rich at the 
extremities (Figure 4-58). 
GMA rich AEMA rich GMA rich 
Figure 4-58: AEMA-GMA gradient copolymer initiated by difunctional BlocBuilder 
AEMA was initially present in the reaction and as the reaction starts GMA was 
added constantly for 75 minutes. The reaction conditions are recapitulated in Table 4-27. 
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100°C 75 min 
70% 6036 
Table 4-2 7: AEMA-GMA gradient copolymer initiated by the difunctional BlocBuilder : 
reaction conditions 
The polymerization is followed by GPC analysis and the results are reported in 
Figure 4-59. 
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Figure 4-59: Dependence of number average molecular weight (Mn) and polydispersity 
(PI) on monomer conversion for the NMP polymerization of GMA-AEMA-GMA full 
gradient copolymer initiated by the difunctional BlocBuilder® 
The number average molecular weight increases proportional to monomer 
conversion and the Polydispersity is low except for the last point where control over the 
polymerization seems to have been lost. 
From the GPC data, we have calculated the conversion of each monomer (Figure 
4-60) the composition of the copolymer along the chain (Figure 4-61) and its total 































Figure 4-60: Conversion of each monomer versus total conversion for the NMP 
polymerization of GMA-AEMA-GMA full gradient copolymer initiated by the difunctional 
BlocBuilder 
The conversion of each monomer increases constantly as the reaction conversion 
increases. The conversions are not linear versus conversion as monomer is constantly 
added to the solution and disrupts the rate of polymerization. 
i • - • • 














0.2 0.4 0.6 
Conversion 
0.8 
Figure 4-61: AEMA-GMA full gradient copolymer initiated by the difunctional 
BlocBuilder cumulative composition 
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The increase of the overall concentration of GMA in the copolymer is linear versus 
conversion; the monomer is incorporated in the same fashion as it added. The 
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Figure 4-62: Copolymer instantaneous composition for the NMP polymerization of 
AEMA-GMAfull gradient copolymer initiated by the difunctional BlocBuilder 
The copolymer is first AEMA rich and as the reaction goes the polymer gets richer 
in GMA. We have managed to prepare the AEMA-GMA full gradient copolymer 
initiated by difunctional BlocBuilder® and to obtain the desired composition. 
4.3.4.6. Comparison of the composition obtained by GPC with the composition 
given by NMR for a gradient copolymer 
To verify the validity of our calculation based on the GPC data. We have compared 
the composition obtained by the GPC calculation (Figure 4-64) to the composition 
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Figure 4-64: AEMA-GMA full gradient copolymer cumulative composition 
The composition found by NMR is (AEMA:GMA) = (55:45%) and the composition 
given by the GPC calculation is (AEMA:GMA) = (59:41%). The two values differ by 
4%. It has to be remembered that the calculation based on the GPC data are obtained 
through calculation of areas under a GPC curve which areas can be difficult to define and 
the contribution of styrene is neglected. 
4.3.4.7. Star copolymers 
Using the penta-, hexa- functional initiator synthesized from BlocBuilder®, we have 
studied the synthesis of star homo- and co-polymers. 
- Star polymer of AEMA 
AEMA (4.00g) and Styrene (0.4 g) were reacted with the penta-, hexa- functional 
initiator in toluene at 100°C for 75 minutes. The reaction conditions are recapitulated in 
Table 4-28. 
Monomers Hexa-penta Solvent Temperature Reaction Mnopc MwGPC PI conversion 
BlocBuilder time (g/mol) (g/mol) 
AEMA 4.00g 0.59g toluene ioo°C 75 min 16435 23924 1.45 72% 
Styrene 0.4g 5 ml 
Table 4-28: AEMA-GMA star polymer: reaction conditions 
The polymerization is followed by GPC analysis (Figure 4-65) and the results are 
reported in Figure 4-66. 
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GPC Chromatograms of Poly(AEMA) star polymer at 






































Figure 4-65: Size exclusion chromatograms recorded at various reaction times for the 
controlled polymerization ofAEMA initiated by penta-, hexa-functional initiator 
The initiator having a high molecular weight, it is visible on the GPC data at 27.4 



















Figure 4-66: Dependence of number average molecular weight (Mn) and polydispersity 
(PI) on monomer conversion for the NMP polymerization ofAEMA star polymer 
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The number average molecular weight increased proportional to monomer 
conversion and the polydispersity is lower than 1.4. The penta-, hexa- functional initiator 
is capable of initiating and controlling the NMP polymerization of AEMA. 
- AEMA-GMA star block copolymer 
The AEMA-GMA star block copolymer is made of 5 to 6 AEMA-GMA block 
copolymers attached by their AEMA end (Figure 4-49). 
Figure 4-67: AEMA-GMA star block gradient block copolymer 
AEMA (2.00g) was reacted alone for 65 minutes, and then GMA (3.00g) was added 
and the reaction was left for an additional 45 minutes. The reaction was carried out at 






































Table 4-29: AEMA-GMA star block copolymer: reaction conditions 
The polymerization is followed by GPC analysis and the results are reported in 
Figure 4-68. 
166 
Mn and PI versus conversion 
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Figure 4-68: Dependence of number average molecular weight (Mn) and polydispersity 
(PI) on monomer conversion for the NMP polymerization of AEMA-GMA star block 
copolymer 
The number average molecular weight increased proportional to monomer 
conversion and a low PI is achieved up to 62% conversion. At higher conversion, a 
product with a bimodal and fairly broad Molecular weight distribution is produced. There 
is a sudden increase in molecular weight following the addition of the second monomer 
which reacts faster than AEMA and leads to a decreased control over the polymerization. 
From the GPC data, we have calculated the conversion of each monomer (Figure 
4-69) and the composition of the copolymer (Figure 4-70). 
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Weight percent of each monomer incorporated 




















Figure 4-69: Conversion of each monomer versus total conversion for the NMP 
polymerization of AEMA-GMA star block copolymer 
The amount of each monomer incorporated in the polymer increases linearly with 
conversion. The linear increase of the AEMA incorporation in the polymer is disrupted 
by the addition of GMA. 64% of AEMA has reacted when we start adding the GMA, 
then upon the addition of GMA, the two monomers react together. But as GMA is more 
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Figure 4-70: Copolymer instantaneous composition for the NMP polymerization of 
AEMA-GMA star block copolymer 
The copolymer branches of the star are composed of first an AEMA block followed 
by a mixed block of GMA and AEMA. The mixed block is made of 80% GMA. 
The penta-, hexa- functional initiator is capable of initiating and controlling the 
controlled copolymerization of AEMA with GMA by NMP. 
4.3.5. Nitroxide mediated polymerization of 2-hydroxyethyl methacrylate 
4.3.5.1. Homopolymerization 
2-hydroxyethyl methacrylate (HEMA) is a widely studied monomer. 
Copolymerized it can be used to introduce hydroxyl reactive sites. It is therefore 
interesting to study the ability of HEMA to be copolymerized by NMP with 
BlocBuilder®. Poly(HEMA) is not soluble in Toluene, its polymerization is therefore 
investigated in tetrahydrofuran (THF). 
HEMA (8.00g) and styrene (0.5 g) were reacted with BlocBuilder® in THF at 90°C 
for 45 minutes. The reaction conditions are recapitulated in Table 4-30. 
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HEMA Styrene Blocbuilder THF Temperature Time Conv MnGpc PI 
(GPC) (g/mol) 
0.5g 0.3g 8 ml 90°C 45min 64% 3016 1.24 
Table 4-30: HEMA polymerization: reaction conditions 
The polymerization is followed by GPC analysis (Figure 4-71) and the results are 
reported in Figure 4-72. 
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Figure 4-71: Size exclusion chromatograms recorded at various reaction times for the 
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Figure 4-72: Dependence of number average molecular weight (Mn) and polidispersity 
index (PI) on monomer conversion for the NMP polymerization of HEMA initiated by 
BlocBuilder® at 90°C. 
170 
The Polymerization of HEMA by NMP in THF initiated by BlocBuilder is well 
controlled: Mn increase linearly with conversion and the polydispersity index is low 
(below 1.3). 
4.3.5.2. Block copolymerization of HEMA with GMA 
- Block copolymer HEMA-GMA 
The copolymerization of HEMA with GMA was investigated. HEMA was reacted 
first for 80 minutes then GMA was added and the reaction was left for an additional 65 
minutes. The reaction conditions are recapitulated in Table 4-31. 
HEMA GMA Styrene Blocbuilder Solvent Temp Time Partial Mncpc PI 
THF conv (g/mol) 
1st block 6g 0.5g 0.17g 8 ml 90°C 80 min 48% 2457 1.19 
2nd block 6g 6 ml 90°C 65 min 62% 7400 2.00 
Table 4-31: HEMA-GMA block copolymer: reaction conditions 
The polymerization is followed by GPC analysis (Figure 4-73) and the results are 
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Figure 4-73: Size exclusion chromatograms recorded at various reaction times for the 
controlled polymerization ofHEMA with GMA initiated by BlocBuilder® at 90°C 
On the GPC trace, we notice that after the addition of GMA (80 min), the peaks are 
bimodal. There are two different species in solution: poly (HEMA) and poly(HEMA-b-
GMA). All the poly(HEMA) chains are not growing a GMA block simultaneously. 
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Figure 4-74: Dependence of number average molecular weight (Mn) and polidispersity 
index (PI) on monomer conversion for the NMP copolymerization ofHEMA with GMA 
initiated by BlocBuilder® at 90°C. 
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Upon addition of GMA in the polymerization mixture, Mn increases rapidly and so 
does the polydispersity. 
A successful NMP requires fast initiation compared to propagation, so that all 
propagating species begin growth at the same time. The HEMA macroinitiator is slow at 
initiating the polymerization of GMA. Therefore the polymerization loses its control and 
the polydispersity becomes larger. 
- Block copolymer GMA-HEMA 
We investigated if the poly(GMA) macroinitiator would fast initiate the 
polymerization of HEMA. GMA was reacted first for 60 minutes then HEMA was added 
and the reaction was left for an additional 60 minutes. The reaction conditions are 
recapitulated in Table 4-32. 
HEMA GMA Styrene Bloc- THF Temperature Time Partial MIIGPC PI Mn
 max 
b u i l d e r COnV (g/mol) theoretical 
(g/mol) 
1st block 5g 0.5g 0.15g 8 ml 90°C 60 min 92% 4838 1.33 12700 
2nd block 5g 6 ml 90°C 60 min 78% 9736 1.44 25400 
Table 4-32: GMA-HEMA block copolymer: reaction conditions 
The polymerization is followed by GPC analysis (Figure 4-75) and the results are 
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Figure 4-75: Size exclusion chromatograms recorded at various reaction times for the 
controlled polymerization of GMA with HEMA initiated by BlocBuilder at 90°C. 































Figure 4-76: Dependence of number average molecular weight (Mn) and polidispersity 
index (PI) on monomer conversion for the NMP copolymerization of GMA with HEMA 
initiated by BlocBuilder at 90°C. 
The number average molecular weight increased proportional to monomer 
conversion and the polydispersity is low. A controlled block copolymerization of HEMA 
with GMA is possible if GMA is reacted first. 
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4.4. Conclusions 
Nitroxide mediated controlled free radical polymerization initiated by BlocBuilder® 
has shown to be an efficient technique for the controlled polymerization of methacrylates 
and does not suffer from the drawbacks regarding by-product removal or uncomfortable 
odor characteristic to the other two controlled free radical polymerization methods 
studied. Polymerization by NMP with BlocBuilder® as initiator is performed as easily as 
a conventional free radical polymerization. The polymerization is just performed by 
adding BlocBuilder® to the monomer mixture. The Monomers and solvent do not require 
any purification before use apart from removing the polymerization inhibitors. 
The alkoxyamine BlocBuilder® provides a tool to design polymer architectures 
through a NMP route. BlocBuilder can be easily modified to produce di-, tri and 
multifunctional initiators designed to create multi-block copolymers and star copolymers. 
Using NMP polymerization initiated by BlocBuilder®, we have been able to prepare a 
variety of architectures and we have developed a simple method that allows monitoring 
of the conversion of each monomer by gel permeation chromatography. By simple GPC 
analysis we are able to determine the composition of the copolymer along the chain. 
NMP initiated by BlocBuilder® appears to be tolerant to solvents with different 
polarity such as toluene and THF, and can be used with monomers having metal 
chelating groups such as 2-(acetoxy)ethyl methacrylate (AEMA), as well as monomers 




The goal of this chapter is to evaluate and quantify the anticorrosion properties of 
the previously synthesized copolymers. Several techniques providing information about 
the properties of the copolymer relative to their anticorrosion performance have been 
studied. Laboratory corrosion simulation tests, mechanical tests and electrochemical 
methods are considered and adapted to provide us with useful information concerning our 
polymeric primer. A focus has been set on sample preparation and understanding the 
different parameters that are significant to execute reproducible and meaningful 
experiments. 
5.1. Presentation of the tests 
5.1.1. Performance test 
When field tests are not possible, laboratory testing is helpful in screening 
coatings.124 Test conditions must simulate actual use condition as closely as possible. 
Corrosion test pieces are exposed to an artificial environment judged to simulate 
particular practical conditions. When laboratory testing is required, it should be kept in 
mind that laboratory tests will not represent field conditions. No laboratory test is 
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available that can be used to fully predict corrosion protection performance of a new 
coating system. This unfortunate situation is an enormous obstacle to research and 
development of new coatings, but it must be recognized and accommodated. Corrosion 
tests should be designed and conducted properly to generate reliable corrosion data. 
Variables in the preparation of the test panels are frequently underestimated. Critical 
variables include the steel used, surface preparation and coating method. 
5.1.1.1. Continuous salt spray test 
The most common testing technique for coating is the exposure to controlled 
aggressive conditions simulating corrosive environment. Corrosion tests performed in 
cabinets can provide fast feedback, without which, a longer exposure would be required. 
The oldest and most wildly used cabinet test is ASTM B117 (Standard Practice for 
Operating salt Spray (Fog) Apparatus), that tests the relative resistance to corrosion of 
coated and uncoated metallic specimens, when exposed to a salt spray climate at an 
19S 
elevated temperature. Test specimens are placed in an enclosed chamber and exposed 
to a continuous indirect spray of neutral salt water solution, at a temperature of 35°C. 
This climate is maintained under constant steady state conditions. The test duration is 
variable. A 5% salt solution is prepared by dissolving sodium chloride into water. Hot, 
humid air is created by bubbling compressed air through a bubble (humidifying) tower 
containing hot deionized water. It provides a controlled corrosive environment 
representing accelerated marine type atmospheric conditions. 
The equipment needed to conduct the ASTM Bl 17 corrosion test is typically a salt 
spray chamber that has the ability and control systems to perform the unattended 
operation of the test. 
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Because of its widespread use and long history, continuous salt spray testing 
provides a very useful method for undertaking comparative testing. Although used 
extensively for specification purposes, results from salt spray testing seldom correlate 
well with service performance. Correlation of test results to in-service (field) 
performance should only be considered if supported by results from long term in-service 
atmospheric exposures. Reproducibility of results can be affected by specimen type, 
details surrounding specimen surface condition, evaluation criteria, operating variables 
and the type of test chamber. 
ASTM B117 does not define test specimens nor exposure time and does not address 
meaning (interpretation) of test results. 
The standard used to assess the potential for coating damage is the ASTM Standard 
"Test Method for evaluation of Painted or Coated Specimens Subjected to Corrosive 
Environments D 1654-05".ni In this standard, test coupons coated and then scribed down 
to bare metal to simulate damage (Figure 5-1) are exposed to the corrosive environment 
to examine the acceleration of coating edge "creepage". 
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Figure 5-1: Scribed coated plate 
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Coating deterioration (i.e., creepage) for a distance outward from the scribe line is 
rated in accordance with Table 5-1. 
Representative Mean Creepage Rating 
from Scribe (mm) 
Zero 10 
0 to 0.5 9 
0.5 to 1 8 
1 to 2 7 
2 to 3 6 
3 to 5 5 
5 to 7 4 
7 to 10 3 
10 to 13 2 
13 to 16 1 
Over 16 0 
Table 5-l.ASTMD 1654-92 Deterioration Rating. U1 
5.1.1.2. Immersion testing 
Immersion in water can cause the degradation of coatings. Knowledge on how a 
coating resists water immersion is helpful in predicting its service life. Failure in a water 
immersion test may be caused by a number of factors including a deficiency in the 
coating itself, contamination of the substrate, or inadequate surface preparation. The test 
is therefore useful for evaluating coatings alone or complete coating systems. 
ASTM D870-02 (Standard Practice for Testing Water Resistance of Coatings Using 
Water Immersion) covers the basic principles and operating procedures for testing water 
resistance of coatings by the partial or complete immersion of coated specimens in 
distilled or de-mineralized water at ambient or elevated temperatures.127 
Corrosion tests of a scribed coating on a ferrous substrate are impractical in water 
immersion tests as the corrosion products tend to contaminate the water bath. 
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The degree of failure can be measured by evaluating the amount of rusting beneath 
or through the paint film. ASTM D610-08 (Standard Practice for Evaluating Degree of 
Rusting on Painted Steel Surfaces) provides a standardized means for quantifying the 
amount and distribution of visible surface rust.129 The degree of rusting is evaluated using 
a zero to ten scale based on the percentage of visible surface rust (Figure 5-2). The 
distribution of the rust is classified as spot rust, general rust, pinpoint rust or hybrid rust. 
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Figure 5-2: ASTM D 610 examples of area percentages and ratings. 
5.1.1.3. Cathodic disbondment testing 
Cathodic disbondement testing is an efficient way to assess adhesion and the long-
term performance of barrier coatings (such as paint, epoxy etc.). Cathodic protection 
systems are frequently installed to prevent corrosion at damages in the coating. The 
metallic substrate is held at a cathodic potential arising from the application of impressed 
current or sacrificial cathodic protection. Cathodic protection leads to the generation of a 
strong alkalinity at the metal/coating interface, which causes adhesion failure between the 
substrate and paint film, adjacent to defects. 
Cathodic disbondment can be defined as the destruction of adhesion between a 
coating and the coated surface, caused by products of a corrosion reaction. This basically 
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means the coating disbonds or lifts and separates from the substrate, even though it 
exhibits good adhesion prior to exposure service conditions. 
The phenomenon has been recognized and known as an important mechanism in the 
deterioration of paints and polymer coatings. Experience has clearly shown that coatings 
with better cathodic disbondment resistance (less disbondment), have better corrosion 
resistance and greater longevity. Cathodic disbondment is often selected as the key 
performance test for adhesion, as it simulates field conditions for disbonding of a 
coating. 
The experimental set-up following ASTM G8 (Standard Test Methods for Cathodic 
Disbonding of Pipeline Coatings) and ASTM G95 (Standard Test Method for Cathodic 
Disbondment Test of Pipeline Coatings), is used to evaluate the CD performance of 
coated steel coupons. ' The test specimens coated with the candidate material are 
placed in series with a magnesium anode as part of a galvanic cell in fresh sea water. 
Prior to placement in the electrolyte the coating is intentionally damaged (holiday) to 
expose the substrate and provide a site where edge corrosion may occur. 
5.1.2. Electrochemical techniques 
5.1.2.1. Electrochemical impedance spectroscopy (EIS) 
Electrochemical impedance spectroscopy (EIS) is a technique used to determine the 
electrical impedance of the metal-electrolyte interface at various AC excitation 
frequencies. EIS measurements allow for the prediction of corrosion rates and the 
performance evaluation of chemical corrosion inhibitors and protective coatings. 
Impedance is the apparent opposition to flow of an alternating electrical current. 
EIS is very sensitive for detecting coating defects but cannot determine whether the 
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defect is characteristic of the coating system or a consequence of poor application. EIS 
can be very useful in comparing various coating formulation, but because of the wide 
variation in actual exposure conditions, cannot reliably predict field performance. 
EIS can be used in cooperation with Salt spray test or cathodic disbondment test to 
provide a quantitative value of the coating degradation and characterize the loss in 
coating resistivity. The range frequency of 10" to 10 Hz is usually used in EIS 
experiments. 
Principle 
A small excitation signal, a sine-wave voltage (E), is used in EIS to produce the 
pseudo-linear response of the cell, the sine-wave current (i). 
E = AE sin(cot) and i = Ai sin(ct)t + q>) (5-1) 
where AE and Ai are the amplitudes of the voltage and current waves, and <p is the phase 
shift between the applied sine-wave voltage and the resulting sine-wave current. Voltage 
and current as function of time are represented in Figure 5-3. 
Figure 5-3: Voltage (E) and current (i) as function of time 
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The impedance, Z(ro), which is a measure of the circuit tendancy to impede or resist 
is equal to E/I and may be expressed as: 
Z(co) = ReZ-j(ImZ) (5-2) 
where ReZ and ImZ represent the real and imaginary parts of the impedance, and j = (-
\)m. 
Z(co) can be presented as vector in the complex plane, with X-axis and Y-axis 
representing ReZ and ImZ, respectively, see Figure 5-4: 
Re/ 
Figure 5-4: Vector Representation of the Impedance Z(a>) in the Complex Plane 
The impedance is usually presented as Nyquist or Bode plot. In the Nyquist plot 
the imaginary part, ImZ, is expressed as a function of the real part, ReZ. In Bode plots 
log |Z| and log cp are presented as the log of the frequency, co. 
Randies cell 
The Randies cell is a simple, yet useful combination of a capacitor and two resistors 
(Figure 5-5). This electrical circuit can be used to represent a coating or a corroding 
metal, although the values and meanings of the components are different 134 
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Rp or Rct 
Figure 5-5: Randies cell ( Equivalent electrical circuit for a coating immersed in an 
electrolyte (Cc and Rp) or a metal-solution interface (Cdl and Ret)) 
Coating immersed in an electrolyte 
For a coating immersed in an electrolyte, Rs represents the resistance of the 
electrolyte solution between the reference electrode tip and the surface of the coating. It 
is generally only a few ohms if the electrolyte's salt concentration is a few percent. The 
capacitor, Cc, represents the coating and can be characterized by the thickness and 
dielectric constant of the coating material. It is typically about 1 nF/cm2 for a typical 
undamaged epoxy coating. We associate the resistor, Rp, with the resistance of the 
coating. It is also a property of the material of the coating and varies with the thickness 
and composition of the coating. Coating resistances can be quite high, greater than 1010 
ohm.cm2, for a typical undamaged epoxy coating. 
Bare metal 
For a bare, corroding metal in an electrolyte solution, once again, Rs is associated 
with the electrolyte resistance. However, in this system, the capacitor Cdl is associated 
with the double layer capacitance of the metal/electrolyte interface. It is generally 
between 10 and 100 uF/cm . In this application, the resistor is the Polarization 
Resistance, Rct. 
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Nyquist and Bode plots for a simple parallel-connected resistance-capacitance 
circuit (Randies cell) are presented in Figure 5-6. For the Nyquist plot, in a semicircle 
form, the frequency is increasing in a counterclockwise direction. At very low and very 
high frequency, the imaginary part, ImZ, disappears, resulting in the sum of the solution 
resistance, Rs, and pore or polarization resistance, Rp or Ret, at a low frequency, and 
only the solution resistance, Rs, at a high frequency. For the Bode plot, a linear part with 
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Figure 5-6: Bode plot and Nyquist plot for EIS of a Randies cell. 
Purely Capacitive Coating 
A metal covered with an undamaged coating generally has very high impedance 
(Rp). Bode and Nyquist plot are shown in Figure 5-7. 
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Figure 5-7: Bode plot and Nyquist plot for EIS of an undamaged coating. 
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On the Nyquist plot, the intercept of the curve with the real axis gives an estimate of 
the solution resistance. The highest impedance on this graph is close to 1010 U. This is 
close to the limit of measurement of most EIS systems. 
The same data are shown in a Bode plot. Notice that the capacitance can be 
calculated from the graph but the solution resistance value does not appear on the chart. 
Even at 100 kHz, the impedance of the coating is higher than the solution resistance. 
Failed coating 
Most paint coatings degrade with time, resulting in more complex behavior.135 After 
a certain amount of time, water penetrates into the coating and forms a new liquid/metal 
interface under the coating. A simple equivalent circuit is shown in Figure 5-8. 
In this model, Rs represents the solution resistance between the working electrode 
and the reference electrode. The capacitance of the intact coating is represented by Cc, its 
value is much smaller than a typical double layer capacitor (pF or nF). Rp is the coating 
pore resistance representing the resistance of ion conducting paths in the coating. On the 
metal side of the pore, we assume that an area of the coating has delaminated and a 
pocket filled with an electrolyte solution has formed. The interface between this pocket of 
solution and the bare metal is modeled as a double layer capacity in parallel with a 
kinetically controlled charge transfer reaction. Ret is the charge transfer resistance 
representing the corrosion resistance of the metal and Cdl represents the double layer 





Figure 5-8: Equivalent electrical circuit for coated metal-solution interface 
The Bode and Nyquist plot for this model is shown in Figure 5-9. There are two 
well defined time constants in this plot. On the Nyquist plot, the first semicircle is 
attributed to the coating itself and the second one to processes occurring underneath the 
coating. As the coating degrades, the radius of the first semi-circle decreases and as 
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Figure 5-9: Bode and Nyquist plot for coated metal-solution interface 
Instruments 
We are equipped with a Gamry Series G 300 potentiostat and a Gamry PTC1 Paint 
Test Cell (Figure 5-10). The data are recorded and analyzed using the Gamry 
Framework™ and the Gamry Echem Analyst softwares. 
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Figure 5-10: Gamry Series G 300 potentiostat and a Gamry PTC1 Paint Test Cell 
The PTC 1 cell was designed for electrochemical testing of flat, coated or uncoated 
metal specimens using Electrochemical Impedance Spectroscopy with Gamry's EIS 
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Figure 5-11: Schematic of EIS PTC 1 cell 
The cell's design shown in Figure 5-11 is quite simple. A glass tube with an o-ring 
seal is clamped to the sample under test. The tube is filled with the test electrolyte and 
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sealed with a rubber stopper. A Saturated Calomel Reference Electrode and a graphite 
rod counter electrode are mounted through the stopper. 
5.1.2.2. Polarization curves 
Polarization techniques are very useful in determining what is actually happening to 
the metal and the effect of the application of a coating or an inhibitor.136 Corrosion rates 
can be determined electrochemically in minutes while other methods can take days. 
Polarization methods for inhibitor testing can provide insight into their protection 
mechanisms. Inhibitors can protect by changing the anodic or cathodic reactions, by 
forming a barrier between the metal and environment, or by combinations of these. 
Electrochemical techniques require that the bulk corrodent be an ionic conductor such as 
salt water. 
A typical laboratory test is a potentiodynamic scan. The potential is ramped at a 
fixed rate per second in a potentiostat and the current response of the working electrode 
measured. The potential is then plotted as a function of the log of the current density to 
produce polarization curves. The test conditions are identified in the ASTM G5 
standards.136 Typical data is shown below for a potentiodynamic scan. From the data, 
back extrapolation of the straight line portion of the anodic and cathodic semi logarithmic 
behavior enables the calculation of the current density at open circuit for input into the 
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Figure 5-12: Anodic and cathodic polarization curves for a metal that is corroding 
actively. The Tafel slope on fia and (3c are the slopes of the anodic and cathodic 
polarization curves. 
Faraday equation: 
CR = 0.13 x icorr x EW (5-3) 
-2 
where CR is the corrosion rate in mils per year, iCOrrthe corrosion current in uA.cm , EW 
the equivalent weight and d the density of the metal. 
5.1.3. Mechanical testing - Pull-off test 
The pull-off test is a general method for assessing both qualitatively and semi-
quantitatively the adhesion of coatings to a variety of substrates. 
The pull-off test procedure follows ASTM D4541, Standard Test Method for Pull-
Off Strength of Coatings Using Portable Adhesion Testers.138 With this method, a loading 
fixture commonly called a stub is glued to the surface (Figure 5-13). To allow a 
reproducible thin glue layer, the glue is applied on both the surface to be tested and the 
stub and they are pressed together until contact is attained. A plastic cut-off ring is 
pressed around the loading fixture onto the test surface to displace the excess glue away 
from the stub and produce a reproducible test area. 
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Figure 5-13: Plates with two glued stubs and cut-off rings. 
A special device is then used to apply an increasing force until the coating disbonds 
or the glue fails. The pull is perpendicular to the surface, so tensile strength is being 
measured. 
The load to the fixture is increased continuously and smoothly at a rate not to 
exceed 1 MPa/s (145 psi/s). The load is applied until failure occurs (or until the 
maximum force has been applied). 
Two pieces of information are obtained from a pull-off test. The first is the pull-off 
strength of the coating. This is the force attained at failure (or the maximum force applied 
if the test fixture did not disbond). The other piece of information is where the separation 
occurs in the coating system: adhesive failure between the steel and coating or cohesive 
failure within the coating. 
Figure 5-14: Cross-section schematic of pull-stub adhered to coating, failure locations 
and types. 
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One of the main disadvantages of the pull test is the wide variability in the 
repeatability and reproducibility of the method. Because a variety of condition affecting 
sample preparation, including non uniformity of the film thickness, film cohesion, 
localized faults, surface contamination, surface preparation and other factors that are not 
a measure of the ability of the coating to adhere to the substrate, considerable variability 
in pull test data can be observed. 
The measurements are made with a PATTI model 110 adhesion tester (Figure 
5-15). 
Figure 5-15: PATTI model 110 adhesion tester 
5.1.4. Materials 
5.1.4.1. Steel coupons 
The Tests were conducted on ANSI 1018 carbon steel coupons of the following 
dimensions 4 inch x 6 inch x 1/8 inch. The coupons are edge ground and sand blasted to 
SPPC SP 5: white metal sandblast cleaning. Abrasive blasting is the preferred and 
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recommended method of preparing steel surfaces for painting.140 It cleans the steel and 
provides a textured surface to promote good primer adhesion. 
5.1.4.2. Epoxy Coating 
The coating used is a government Spec-Type Coatings, MIL-P-24441 Epoxy-
Polyamide coating. Formula 151 is the gray color most commonly used. 
It is a two-component epoxy-polyamide with good resistance to solvents, salt spray, 
marine exposure and ordinary air pollutants. It is a hard, tough coating approved for 
immersion service, designed to conform the specific composition and performance 
requirements of Federal Specifications, and recommended to be used for painting 
particular areas aboard ship such as: bridges, tanks and exterior underwater hull.141 
The two component material with base and curing agent is supplied in separate 
packages. One container is labeled Component A and the other is labeled Component B 
(Figure 5-16). The two components of this product must be mixed in equal volumes by 
first thoroughly stirring each component separately and then stirring the components 
together. After mixing, there shall be a waiting period of approximately one hour before 
applying the coating to insure complete curing. 
Figure 5-16: Component A and B of MIL-P-24441 Epoxy-Polyamide coating 
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The MIL-P-24441 coating is already very efficient against corrosion and a minor 
improvement is difficult to observe. To be able to notice more dramatically the 
improvement brought by the adhesion enhancing polymer on the coating anticorrosion 
properties, we have also worked with a weaker non formulated epoxy coating. This 
coating is made of diglycidyl ether of bisphenol-A (DGEBA) and tetraethylenepentamine 
(TEPA) (Figure 5-17). 
H3C UH3 
^J U ^X. ^ * rr;i\ IN NH-s 
^ ^ \ D / \ / | A H 2 
O 
Diglycidyl ether of bisphenol-A Tetraethylenepentamine 
Figure 5-17: Structure of diglycidyl ether of bisphenol-A (DGEBA) and 
tetraethylenepentamine (TEPA) 
The two compounds are mixed together with a ratio epoxy function over amine 
hydrogen of 0.7. The DGEBA-TEPA coating is very sensitive to the atmospheric 
moisture levels at the time of mixing and application. 
5.1.5. Primer application 
Our approach entailed the application of chelating polymer by adsorption from 
dilute solution. Studies indicates that absorption from dilute solution produces uniform 
thin film coverage approaching 99.6% and thicknesses of 10-lOOA in the solvent free 
state.142 Vaideeswaran and Bell deposited their polymeric coupling agent for enhancing 
the adhesion of coating to steel on steel plates by immersion in a dilute solution of the 
coupling agent (dissolved in THF) for 20 min, after which, they washed off the excess 
coupling agent using pure solvent.143 
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The plates were treated with the copolymer by immersion in a dilute solution of the 
polymer for 20 minutes (Figure 5-18). For polymer concentration of 3 wt% in THF, the 
excess polymer was washed off by using pure solvent (THF). 
Figure 5-18: Slit for dipping the plate into the polymer solution 
To ensure the polymer has not all been washed off, after dipping the plate in the 
polymer solution and rinsing it with THF, we have performed contact angle 
measurements on a polished steel surface without polymer, after being dipped in the 3 
wt% polymer solution and after being dipped in the 3 wt% polymer solution and rinsed. 
We have measured an advancing contact angle (Figure 5-19). 
No coating 
Angle=30° 
Dipped in polymer 
Angle=62° 
Dipped in polymer then rinsed. 
Angle=52° 
Figure 5-19: Contact angle measurements 
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From the contact angles measured for the same amount of liquid deposited, we can 
clearly observe that the angle measured in the case where the excess polymer has been 
washed off is significantly higher than the one measured in absence of polymer. The 
entire polymer has not been removed from the rinsed plate: a thin layer of the polymeric 
adhesive has attached to the steel plate and remains at the surface. 
5.2. Tests 
5.2.1. Random copolymers of benzotriazole methacrylate, glycidyl methacrylate or 
4-cumylphenol methacrylate (ASQ 160- ASQ 161) 
The tests were carried out with two random copolymers ASQ 160 copolymer of 
BTAM, GMA and BA, and ASQ161 copolymer of BTAM, 4-CPM, and BA. The 
addition of BA lowers the Tg of the copolymers. The properties of the copolymers are 



























Table 5-2: Copolymers Structures and properties 
The anticorrosion performances of ASQ 160 and ASQ 161 polymers were assessed 
by the following tests: continuous salt spray, cathodic disbondment (CD) and hot DI 
water immersion. 
The plates were prepared by applying the copolymer in solution (4wt% in THF) with a 
brush and were dried at a 45° angle. 
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Figure 5-20: Draw bar and mold cavity to apply a homogeneous coating layer 
A homogeneous 0.825 mm thick coating of Mil P2444 was applied with a draw bar 
on the test side of the steel plate with a mold cavity (105 mm x 157 mm x 4 mm). The 
back side and the edges were paint brushed. A 3 inch scribe at a 45° angle exposing the 
underlying metal was milled using a 1/8 inch milling bit to make a clean scribe that does 
not damage the coating on its side. 
Continuous Salt Spray test 
The plates were placed into the Q-Fog chamber where they are subjected to a salt 
spray (ASTM B 117) at 35°C for 1000 hours (Figure 5-21). 
Figure 5-21: Coated plates inside the Q-Fog 
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After 1000 hours in the Q-Fog, the plates were taken out. The rust was cleaned off 
the plates and the damage was evaluated (Figure 5-22). 
Figure 5-22: Plate after 1000 hours in the Q-Fog chamber (without and with labels and 
area delimitations) 






















Table 5-3: Rating numbers for the studied samples 
The Reference was evaluated twice to give an idea of the precision of the test: the 
disbondment measured has an uncertainty of 0.4 mm. The two samples for ASQ160 have 
very different ratings. The coating (Mil P2444) was prepared in different small batches 
for each of the plate therefore the composition of the coating might have been slightly 
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different for the different samples. In view of these results, no clear conclusion can be 
made concerning the efficiency of the copolymers. 
EIS evaluation 
EIS was used as a quantitative sensor of coating degradation on the samples 
subjected to salt spray testing. The following results show the EIS for the reference plate 
and for the plate coated with ASQ161. The two plates show different behaviors: 
The reference sample (Figure 5-23) exhibits the characteristics of a coating 
developing low pore resistance. Low pore resistance occurs as the electrolyte penetrates 
the coating and creates a path to the surface of the underlying metal. At this stage there is 




Goodness of Fit 
Anne ASQref Q-2. 
Value ± Error 
1154.4 ohm 18.22 ohm 
58.67 kohm 197.0 ohm 
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Figure 5-23: Bode Plot, Nyquist plot and equivalent circuit for the reference plate 
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The sample coated with ASQ 161 (Figure 5-24) shows a freely corroding metal 
substrate behavior. At this stage, although there is no visible evidence yet, corrosion of 
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Figure 5-24: Bode Plot, Nyquist plot and equivalent circuit for the plate coated with 
ASQ161 
The coating resistance (Rp) is obtained by fitting the model to the experimental 
data. The resistance of the coating which starts very high is decreased as the coating 
absorbs water and degrades (Table 5-4). 
sample 
Coating resistance (Rp) 
Reference 
58.67 kQ 
ASQ 161 Q' 
1.763 kQ 
Table 5-4: Coating resistance measured by EIS after salt spray testing at 35 "C for 1000 
hours 
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EIS results shows that the coating on the untreated plate was more efficient against 
corrosion. The coating system of the untreated plate has a higher resistivity and the metal 
under the coating does not display any electrochemical activity (corrosion). 
Cathodic disbondment test 
To evaluate the corrosion resistance and the adhesion capability of the polymeric 
primer, steel coupons coated with the copolymers and an epoxy top coatings, are 
subjected to cathodic disbondment (CD) tests. The CD test provides accelerated adhesion 
strength assessment and determines resistance of the coating to cathodic potential and 
current flow. Coatings with better cathodic disbondment resistance (less disbondment), 
have better corrosion resistance and greater longevity. 
The test specimens welded with a copper wire and coated with the candidate 
material were placed in series with a magnesium anode as part of a galvanic cell in fresh 
sea water. 
Figure 5-25: Cathodic disbondement testing tank and magnesium anode 
Prior to placement in the electrolyte the coating was intentionally damaged 
(holiday) to expose the substrate and provide a site where edge corrosion may occur. The 
holiday was drilled into the coating using a XA inch drill bit. The sample then remains in 
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the electrolyte for 90 days after which time the edges of the holiday(s) were evaluated to 
determine the extent of disbondment. 
After 90 days the edges of the holiday were unaffected and do not show any signs 
of damaging. 
Holiday 
Edges of the holiday after 
scraping the coating off 
Blister 
Figure 5-26: Plate after cathodic disbondement testing 
Blistering was observed on the plates but no corrosion under the blister was 
detected. The different sample (reference and polymer coated plates) did not exhibits any 
noticeable difference. 
Hot Water immersion 
Coated plates (copolymer + epoxy coating) were immerged into 80°C deionized 
water for 500 hours. After completion the degree of rusting was evaluated. The area 
percentage was quantified and the damages rated using ASTM D610 (Figure 5-27). 
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Figure 5-27: Coated plate after the DI water test 
The immersion test shows that the addition of the copolymers has weakened the 
coating. The unaltered coating has a better rating than the sample with the copolymer 
primer. 
Conclusion on tests 
We have performed a series of tests with two copolymers ASQ160 and ASQ161. 
The tests do not show any improvement of the coating anticorrosion properties by 
addition of these copolymers, which might even have weakened the coating. 
The copolymer 4 wt.% in THF had been paint brushed onto the plate. This 
deposition method does not allow to control the thickness or homogeneity of the primer 
layer. A non-uniform, thick primer layer could be the reason why we observe a 
weakening of the coating upon addition of the polymer at the steel coating interface. The 
observed difference might also be a consequence of the top-coat preparation: the coating 
was prepared in small batches, different for each plate. Mixing the coating components in 
small amounts increase the chance of being off ratio. 
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5.2.2. AEMA-GMA random copolymers (ASQ 191-ASQ201) 
A series of AEMA-GMA random copolymer with varying amount of each 
monomer have been prepared. A third monomer such as styrene or butyl methacrylate has 
been added to enhance the hydrophobicity of the copolymer. 
The plates were treated with the copolymer by immersion in a dilute solution of the 
polymer (3 wt.% in THF) for 20 minutes. The excess polymer was washed off by using 
pure solvent (THF). The reference plate was similarly dipped in a solution of 
benzotriazole (3 wt.% in THF) and rinsed. The plates were subsequently coated with a 
uniform layer of Mil P2444 epoxy coating using a mold cavity and draw bar as described 
previously. Only one epoxy coating mix batch was used to coat all the plates for one test. 
The samples have been tested by the following tests: continuous salt spray, cathodic 
disbondment (CD) and hot DI water immersion. 
The properties of the polymers and ratings after continuous salt spray for 100 hours 
and DI water immersion at 80°C for 500 hours are reported in Table 5-5. For the salt 












































































































Table 5-5: Composition, Q-fog results, DI water test results for the AEMA-GMA 
copolymers 
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Perfect, no rust: 10 Good, only small rust spot: 9 Rust spots: 8 
Figure 5-28: Examples ofDI Water testing results 
Typical results for the immersion test are illustrated in Figure 5-28. The salt spray 
test results do not allow concluding on the copolymer efficiency against corrosion; the 
rating numbers are the same for every sample. 
The immersion test seems to indicate that an increase in the amount of AEMA in 
the copolymer leads to better resistance in the hot DI water test. 
The condition of the coating after the salt spray test was evaluated by EIS 
measurements. The resistivities of the plate-coating system are reported (|Z| value at low 
frequency) and the shape of the curves is associated with the degradation state of the 



































































Coating developing low 
pore resistance 
Freely corroding metal 
substrate 
N/A 
Coating developing low 
pore resistance 
Coating developing low 
pore resistance 
Coating developing low 
pore resistance 
Freely corroding metal 
substrate 
Undamaged coating 
with absorbed water 
Coating developing low 
pore resistance 
Coating developing low 
pore resistance 
Undamaged coating 
with absorbed water 
Undamaged coating 


















low pore resistance 
Coating developing 




low pore resistance 
Undamaged coating 
with absorbed water 
Coating developing 
low pore resistance 
Coating developing 
low pore resistance 
Undamaged coating 
with absorbed water 
Coating developing 
low pore resistance 
Undamaged coating 
with absorbed water 
Table 5-6: EIS results after Q-fog exposure for 1000 hours 
Typical Bode and Nyquist plot are pictured on Figure 5-29 and Figure 5-30. When 
the measured resistivity is very low, the Bode and Nyquist plot does not look like 
anything that can be related to a known coatings degradation state. There might be a 
holiday in the coating that is responsible for the unidentifiable signal. 
Plates coated with the same primer display very different behaviors. For example 
ASQ198 after the salt spray exposure displays the behavior of a freely corroding metal 
substrate and also of an undamaged coating with absorbed water. 
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Figure 5-29: Bode Plot, Nyquist plot and equivalent circuit for ASQ191: Example of 
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Figure 5-30: Bode Plot, Nyquist plot and equivalent circuit for ASQ195: example of 
freely corroding metal substrate typical result 
It seems that the variation in results is due to plate preparation. The plates had 
slightly different thicknesses and some of them were not perfectly plane, which had 
repercussion on the homogeneity and the thickness of the epoxy coating layers. We also 
noticed that the epoxy coating applied with this method was porous. 
After the Cathodic disbondment test (90 days), the coatings did not show any signs 
of damage and their evaluation by EIS (Figure 5-31) proved that the coatings were intact. 
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Figure 5-31: Bode Plot, Nyquist plot and equivalent circuit for a coating after cathodic 
disbondement testing (Example of intact coating typical result) RCOatmg= 40GW 
Conclusion 
The coating practice we followed does not allow the determination of the 
copolymer primers anticorrosive properties. Coating the plates in a mold cavity with a 
draw bar gives a thick, non homogeneous and porous coating. 
The cathodic disbondment testing was not able to give us information about the 
coating: the samples came back undamaged after a 90 days exposure. 
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For the next samples the coating process was changed to spray coating and the cathodic 
disbondment test was not performed. 
5.2.3. AEMA-GMA gradient and block star copolymers ASQ297-ASQ314 
Two AEMA-GMA copolymers with tailored architectures have been tested. 
ASQ297 is a gradient copolymer and ASQ314 is a block star copolymer (Figure 5-32). 
ASQ297: gradient copolymer ASQ314: block star copolymer 
Figure 5-32: Architecture ofASQ297 andASQ314 
The properties of the copolymer are summarized in Table 5-7. The plates were 
treated with the copolymer by immersion in a dilute solution of the polymer (1 wt.% in 
THF) for 20 minutes. The reference plate was left untreated. The plates were 
subsequently sprayed with a uniform 6 mils (0.15 mm) thick coat of 50 wt.% DGEBA-







53% - 47% 
9000 
ASQ314 
Block star copolymer 
57% - 43% 
24000 
Table 5-7: Characteristics of AEMA-GMA gradient and block star copolymer 
The samples were tested by the following tests: continuous salt spray, cathodic 
disbondment (CD) and hot DI water immersion. 
The samples before and after continuous salt spray for 530 hours and DI water 
immersion at 80°C for 288 hours are pictured in Table 5-5. 
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Reference ASQ297 ASQ314 
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Figure 5-33: Coated plates subjected to salt spray for 530 hours, immersion in DI water 
for 288 hours 
211 
Evaluation of the plate after the salt spray test showed that the coating was fully 
disbonded for the reference and ASQ297 samples, whereas for ASQ314 the coating 
below the scribe had remained bonded. The rust streaks apparent on the samples after 
salt spray testing are cosmetic and come from "bleeding" from the scribe and the edges. 
The metal surface under the coating does not show any sigh of corrosion when the plate 
is treated with the block star copolymer (ASQ314). The immersion test shows a neat 
improvement for the samples coated with a primer. Black iron oxide is formed first under 
the coating due to penetration of water and as the surface comes in contact with more 
water and dissolved oxygen, red rust (Fe203) forms. 
When a very thin layer of a weak epoxy coating is used, an improvement upon 
addition of the polymeric primer was noticed. 
5.2.4. Mechanical Adhesion testing - Pull of test 
We have searched for a simple and quick test enabling us to characterize the 
effectiveness of the molecular adhesion. In order to do that we have modified the existing 
pull-off test by switching to steel stubs (instead of the aluminum ones) and using a harder 
(more brittle) epoxy glue (DGEBA-TEPA mixture). 
Examination of the bottom of the test fixture and the surface where the test was 
performed will show if the failure could be an adhesive break, a cohesive break, or a 
combination of both. An adhesive failure is a break between the coating and the substrate. 
A cohesive failure is a break within the coating layer. Information about the location of 
the break in the coating system is just as important, if not more important, than the pull-
off strength. It identifies the weakest area in the coating system. 
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The plates were prepared by dipping either the plate or the stub surface or both into 
a 3 wt.% THF solution of ASQ192 (AEMA-GMA random copolymer). The stub is glued 
to the plate with the DGEBA-TEPA epoxy mixture with a DGEBA epoxy functionalities 
/ TEPA reactive H from amine = 0.7. 
The addition of the copolymer led to a decrease in pull-off strength. The results are 
recapitulated in Table 5-8. 
Coating 
Bare plate/bare stub 
Coating on plate 
Coating on stub 









































Table 5-8: Pull off test results for ASQ192 (3% in THF) coated plates and studs. 
Depending on where the coating was deposited different failure modes were 
observed (Figure 5-34). When the additive is added to the plate, the adhesion failure 
occurs at the plate interface (no glue visible on the plate). When the additive is added to 
the stubs, the adhesion failure occurs at the stub interface (glue stays on the plate). When 
the additive is added to both the stub and the plate, the adhesion failure occurs at both 
interfaces. 
In this case the additive had not been applied in a monolayer and does not provides 
the cohesion needed to enhance the adhesion. 
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Adhesion failure at the Adhesion failure at the Adhesion failure at 
stub-coating interface plate-coating interface both interfaces 
Figure 5-34: Plates showing adhesion failure fractures from pull-off tests 
For the following test we modified the procedure for the application of the 
copolymer. ASQ292, ASQ260, ASQ261 and ASQ262 were applied on the steel plate by 
immersion in a dilute solution (3 wt.% in THF) for 20 minutes, after which, the excess 
polymer was washed off using pure solvent THF. The stubs are glued to the plate with 
the DGEBA -TEPA epoxy mixture. The copolymer properties, the test results are 






























































Table 5-9: Pull off test results for ASQ29 2, ASQ260, ASQ261 andASQ262 
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AEM A block - gradient - GMA block AEMA-GMA gradient GMA-AEMA-GMA gradient 
ASQ260 ASQ261 ASQ262 
Figure 5-35: Architecture ofASQ260, ASQ261 and ASQ262 
The tests show an improvement in adhesion. When the copolymer is added to the 
plate surface, the failure never occurs only at the plate coating interface, whereas for the 
reference plate the failure occurred mostly at the plate-coating interface. The pull strength 
does not show any dramatic increase, but some higher values are obtained in the presence 
of the copolymer. 
In the following test we tested ASQ260 and ASQ262 again. This time we dipped 
the plates in solution of different concentrations (0.5%, 0.1% and 0.01%) and compared 
them to the reference and the previous practice (dipped in 3 wt.% solution and rinsed). 
Sample /concentration 
Reference 








































Table 5-10: Pull off test results for ASQ2 60 and ASQ262 at different concentrations 
0.5% seems to be too much copolymer and it weakens the interface (failure at the 
plate-coating interface). 3% rinsed or 0.1% seems to be the best concentration, whereas 
0.01% might be too little to ensure good coverage. 
A similar test was performed with ASQ297 (AEMA-GMA gradient copolymer). 
The strengths measured are lower than in the previous test. The DGEBA-TEPA coating 
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has been prepared at a different time and a variation in surrounding humidity has 
influenced the strength of the epoxy. The pull strengths (Table 5-11) were averaged over 
4 measurements for every sample. 
Sample 
Concentration (wt% in 


























Table 5-11: Pull off test results for ASQ297 at different concentrations 
Same trend is observed for ASQ 297: the pull strength is maximum at a 
concentration of 0.1 wt.%. 
5.2.5. Electrochemical measurements 
The electrochemical experiments were carried out in a three-electrode 
electrochemical cell (Figure 5-36) with a graphite and a saturated calomel electrode as 
counter and reference electrodes, respectively. The working electrode was a carbon steel 
taper pin. Before each electrochemical experiment, the steel electrodes were polished 
mechanically with abrasive paper (600-grif), rinsed in acetone and dried. 
The electrodes are immersed in a solution typical of the metal's environment in the 
system being studied, a still solution of 3.5 wt.% NaCl in deionized water exposed to 
atmospheric air. 
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Figure 5-36: Three-electrode electrochemical cell 
5.2.5.1. EIS experiments with DGEBA-TEPA epoxy containing different 
concentration of the AEMA-GMA star block copolymer 
For this measurement the electrodes were dipped in a THF solution containing an 
epoxy mixture (DGEBA-TEPA) 50 wt.% and the ASQ314 polymer at different 
concentrations (0, 0.5%, 1% and 3%). The coating was dried and cured for 24 hours 
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Z real (Ohm) 
•Reference epoxy 
•Epoxy with 1% copolymer 
30 35 40 45 
Epoxy with 0.5% copolymer 
•Epoxy with 3% copolymer 
Figure 5-37: Nyquist plot for DGEBA-TEPA epoxy containing different concentration of 
the AEMA-GMA star block copolymer 
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Reference epoxy 
Epoxy with 0.5% copolymer 
Epoxy with 1% copolymer 
Epoxy with 3% copolymer 
Figure 5-38: Bode phase plot for DGEBA-TEPA epoxy containing different 
concentration of the AEMA-GMA star block copolymer 
The epoxy alone compared to the epoxy with the copolymer has very different 
behavior when studied by EIS. Both Bode phase plot and Nyquist plot shows a very 
different behavior for the epoxy alone compared to the epoxy with the copolymer (Figure 
5-37 and Figure 5-38). 
When the concentration of copolymer is increased, we notice on the Nyquist plot 
that the radius of the semi-circle is broadening. On the Bode plot we notice that the two 
humps are coming closer together. The addition of the copolymer modifies the 
electrochemical properties of the epoxy coating. 
5.2.5.2. Polarization measurement 
For this experiment the electrodes were coated with the AEMA-GMA copolymers. 
The electrode was dipped in a 50 wt% solution of copolymer in THF. 









A series of AEMA-GMA random copolymers as well as the gradient and the star block 
copolymers were analyzed. Anodic and cathodic polarization curves are recorded for the 



















Figure 5-39: Cathodic and anodic polarization curve for several AEMA-GMA 
copolymers 
The determination of iCOrr is performed by extrapolating the linear portion of the 
anodic branch to its intersection with Ecorr (Figure 5-40). The properties of the different 
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polymer tested and their values of icorr and Ecorr are reported in Table 5-12. The Inhibition 
efficiency is calculated as follow: 
IE(%) = c o r r n c o r r x 100 i 
'corr 
(5.1) 
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Table 5-12: Values oficorr and Ecorr for several AEMA-GMA copolymers 
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Polarization measurements show that the copolymers act as an anodic corrosion 
inhibitors: the anodic polarization curve is shifted upwards. The corrosion potential is 
raised to a more noble potential. 
5.3. Conclusion 
Reliable corrosion data can only be obtained if the corrosion tests are designed and 
conducted properly. Variables in the preparation of the test panels can arise from many 
sources. How the copolymer is deposited, and how the coating is applied are critical 
variables. Film thickness, evenness of application, humidity, temperature, and many other 
variables affect performances. 
The primer should be deposited in a thin uniform layer; either by immersion in a 0.1 
wt.% polymer in THF solution or by immersion in a more concentrated solution followed 
by a pure solvent wash. The pull-off test and the corrosion tests have shown that if the 
primer layer is too thick or non uniform, the coating adhesion properties were 
diminished. 
The optimal epoxy coating technique appears to be spray painting, which provides a 
homogeneous coat of controlled thickness. Humidity and temperature during spraying 
should be managed to prevent coating failure. 
The copolymers we have synthesized seem to have a favorable impact on the 
anticorrosion and adhesion properties of the DGEBA-TEPA epoxy coating. The 
copolymers act as an anodic corrosion inhibitor. The precision of the test does not allow 
discriminating between the different polymer architectures. 
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CHAPTER VI 
CONCLUSIONS AND RECOMMENDATIONS 
6.1 Conclusions 
A series of copolymers with controlled architectures has been successfully 
synthesized. Those copolymers comprise metal chelating entities (diketone) as well as 
epoxy groups, distributed in specific arrangement to confer the ability to strongly bind 
together metal and epoxy at coating interfaces. Block-copolymers were obtained in two 
steps: synthesis and purification of the first polymer and polymerization of the second 
monomer from the active end-group of the first block. Using a one-pot process we were 
able to synthesized copolymers with one pure block and one mixed block (the second 
block still has monomer from the first block (20%-30%)), gradient copolymers by 
continuously feeding the reaction mixture with the second monomer, and copolymer 
composed of two pure blocks separated by a mixed monomer transition zone. The 
copolymerizations were initiated by mono- or multi-functional initiator to yield di-block, 
tri-block and star shaped copolymer. 
The synthesis of copolymers with complex architectures has been achieved by 
nitroxide mediated polymerization. Nitroxide mediated polymerization has shown to be 
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the most versatile technique for the controlled polymerization of methacrylate monomers. 
Remarkable control over the polymerization of the methacrylate family is obtained 
through the addition of less than 10% styrene in the polymerization mixture. The addition 
of a comonomer with a low activation/deactivation constant, such as styrene, enhances 
the control of the polymerization of methacrylates. The nitroxide mediated 
polymerization is tolerant to many functional groups such as metal chelating groups and 
polar groups and is not affected by the polarity of the solvent. Nitroxide mediated 
polymerization is easily implemented; the alkoxyamine BlocBuilder® acting as both 
initiator and control agent is simply added to the monomer mixture. 
Other controlled polymerization techniques, such as Atom Transfer Radical 
Polymerization (ATRP) and reversible addition-fragmentation chain transfer (RAFT) 
polymerization have also been investigated and have shown some limitations. ATRP, 
which requires the use of a transition metal compound complexed by a ligand to trap the 
radicals, faces difficulty when polymerizing metal chelating monomers that complex the 
copper rendering the catalyst worthless. The ligands used are tertiary amine base that 
catalyze side reactions such as the ring opening of epoxy compound with primary amines 
or alcohols. ATRP also lacks control in polar solution and requires the removal of the 
metal after reaction. 
In the case of RAFT polymerization, the challenging task of synthesizing chain 
transfer agents (thiocarbonylthio compounds) to efficiently control the reaction decreases 
the appeal of this technique. Furthermore, the chain transfer agents often have strong 
odor and color and display variable efficiency depending on the family of monomers. The 
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effectiveness of the RAFT chain transfer agent depends on their transfer constant relative 
to the monomer propagation constant. 
The polymerization has been followed by simple GPC measurement throughout the 
reaction. From those data, many useful pieces of information, such as the conversion, 
molecular weight, polydispersity, total composition and composition of the polymer 
along the chain have been derived. 
A series of monomers has been synthesized to fulfill the two functions: adhering to 
the metal and blending with the coating. For the synthesis of the metal chelating 
monomers, functionalization of known corrosion inhibitor (benzotriazole) or strong iron 
chelator (salicylaldehyde benzoylhydrazone) as well as modification of known metal 
chelating monomer (2-(acetoacetoxy)ethyl methacrylate) have been carried out. 
Monomers that will interact closely with the epoxy coating of two types: monomer 
with structure related to the coating and monomer that can react with the coating 
(glycidyl methacrylate) have been studied. Although glycidyl methacrylate appears to be 
an ideal monomer to be functionalized through its epoxy ring with either metal 
coordinating groups or coating like groups, monomers made from this compound 
crosslink upon polymerization. Similarly poly(glycidyl methacrylate) crosslink when 
functionalized. 
The adhesion and anticorrosion tests that have been performed to establish the 
ability of the synthesized copolymers to increase the adhesion strength of the metal with 
epoxy coating have enabled us to define the best practice for the application of the 
copolymer at the interface steel coating, the polymeric coupling agent is deposited on 
steel plates by immersion in a dilute solution of the coupling agent (3 wt.% in THF) for 
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20 min, after which, the excess coupling agent is washed off using pure solvent or by 
absorption from 0.1 wt.% in THF dilute solution. Contact angle measurements have 
shown that the copolymer stays bonded to the surface even after a solvent wash. 
Mechanical adhesion testing by pulling off a stub showed just a slight improvement upon 
addition of the right amount of polymer at the interface, whereas when the polymer is 
added in excess, the adhesion is weakened by the presence of extra layer of material. 
Electrochemical testing proved that the copolymer acts as an oxidation inhibitor by 
acting on the anodic reaction. Anodic inhibitors form a passivation layer on the metal 
surfaces by reacting with existing corrosion products. 
The tests exposing the coated metal to environment simulating corrosion condition 
have shown an improvement only when the polymer was topcoated with a weak, non-
formulated epoxy coating sprayed onto the sample. 
6.2 Recommendations for future work 
Some test results have been encouraging and further testing should be undertaken to 
confirm the ability of the synthesized copolymer to efficiently improve the anticorrosion 
properties of epoxy coatings. 
The corrosion inhibitors in a polymeric form are efficient against corrosion, linked 
to the coating, they can be maintained at the metal surface where they are needed and the 
copolymer being reacted with the coating, they cannot leach out of the coating. 
The adhesion of epoxy coating to steel is promoted by the interaction of the metal 
with the epoxy oxygen and nitrogen containing groups. The addition to the coating at the 
interface of functional groups with stronger interaction with metals permits to strengthen 
the coating to steel adhesion. 
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A more practical deposition technique should be thought of for the polymer. The 
dipping technique is not realistic when it comes to large ships. The effectiveness of the 
polymers mixed with an epoxy resin to be used as a primer should be investigated. 
Incorporating the copolymers in a coating primer would also improve the practicality, 
eliminate the need of an additional copolymer pre-coat and minimize variability in 
coating deposition. 
Attention to minute details is of absolute necessity with anticorrosion testing; 
coating uniformity, coating thickness, coating mixing ratio, room humidity levels have 
shown to be determining factors which affect the outcome of the tests. 
Electrochemical testing methodology should be further investigated, as they provide 
a quick evaluation of the corrosion inhibition properties. The corrosion inhibition of the 
different iron chelating monomers polymerized should be studied by polarization. As 
well as a combination of the different iron chelating monomers in the chelating block of 
the copolymer that could have a synergistic effect on the coordination of the polymer to 
the metal and lead to better passivation. 
The mechanism of nitroxide mediated polymerization initiated by BlocBuilder®, 
which has proven to be efficient at controlling the polymerization of functional 
monomers could be explored. Kinetics and activation/deactivation constant could be 
calculated to understand why for example HEMA macroinitiator cannot initiate the 
control polymerization of GMA whereas GMA macroinitiator controlled the 





APPENDIX 1. CHARACTERIZATION 
Nuclear Magnetic resonance (NMR) 
1H-NMR spectra were obtained on a Bruker 400 MHz FT-NMR spectrometer using 
tetramethylsilane (TMS) as an internal standard. The samples were prepared either in 
deuterated chloroform (CDCI3) or deuterated Dimethyl sulfoxide (DMSO). 
Differential Scanning Calorimetry (DSC) 
Glass transition temperature (Tg) of the polymer was obtained on a TA instruments Q100 
DSC differential scanning calorimeter. Analysis of the polymer utilized a conventional 
DSC technique. The samples were heated from -20 up to 160 °C at a heating rate of 
l°C/min with a modulation of ± 0.5 °C amplitude and 40 s period under a nitrogen 
atmosphere, cooled and then reheated a second time. The glass transition temperatures 
were determined from the data taken on the second heating scan, after the sample had 
been heated above their Tg during the first scan The glass transition temperature was 
collected from the midpoint of the transition region on the reversible heat flow curve. 
Infra-red (IR) 
IR spectra were recorded with a Bruker Tensor 27 FT-IR spectrophotometer equipped 
with a GoldenGate ATR. Liquid and solid samples (powder form) were deposited on the 
ATR diamond for a rapid and easy analysis. 
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Gel Permeation Chromatography (GPC) 
The molecular weight distribution of the polymers was determined using Gel Permeation 
Chromatography (GPC). The GPC system utilized a column bank consisting of two 
Waters' Styragel® HR 4E and a Tosoh Bioscience's TSKgel GMHhr-M in series. 
Measurements were performed at 35 °C in tetrahydrofuran (ACS grade). The analysis 
was made using a calibration obtained from monodispersed polystyrene standards 
(EasiCal PS-2 from Polymer Laboratories). The Waters size exclusion chromatographer 
(SEC) is equipped with a 717 autosampler, a 410 refractive-index detector and a 486 UV-
detector. The samples for the GPC were prepared as a 0.5% wt solution of the polymer in 
THF and are filtered through a 0.45 ja syringe filter before injection. 
229 
APPENDIX 2. POLYMERIZATION OF GMA AND AEMA AT 
VARIOUS TEMPERATURES 
GPC traces and number average molecular weight Mn and polydispersity (PI) values for 
the polymerizations of GMA at 100°C and 110°C and AEMA at 100°C by NMP 
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Size exclusion chromatograms recorded at various reaction times for the controlled 
polymerization of GMA initiated by BlocBuilder at 100°C. 
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Dependence of number average molecular weight (Mn) and polydispersity index (PI) on 
monomer conversion for the NMP polymerization of GMA with BlocBuilder 100°C in 
Toluene. 
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Size exclusion chromatograms recorded at various reaction times for the controlled 
polymerization ofGMA initiated by BlocBuilder at 110°C. 



























Dependence of number average molecular weight (Mn) and polydispersity index (PI) on 
monomer conversion for the NMP polymerization ofGMA with BlocBuilder at 110°C in 
Toluene 
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Size exclusion chromatograms recorded at various reaction times for the controlled 
polymerization ofAEMA initiated by BlocBuilder at 100°C. 















• — • — • • " * 













Dependence of number average molecular weight (Mn) and poly dispersity index (PI) on 
monomer conversion for the NMP polymerization ofAEMA with BlocBuilder at 100°C. 
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